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Abstract

Bacterial cell envelope acts as a first line ofetdske against various antibacterial compounds.
Antibacterial compounds such as antibiotics andraatobial peptides need to penetrate the
outer membrane barrier of the cell envelope tohrdheir target site. Hydrophilic antibiotics
such as penicillins and carbapenems are knowniltbewvater-filled protein channels in the
outer-membrane to diffuse inside the cell periplagbown-regulation in expression of
channel proteins and mutations in important amitid eesidues of the proteins channels are

often induced to limit the permeation of penetmi@mtibiotics.

This thesis highlights an interdisciplinary apptwaim comprehend the mechanisms of
antibiotics translocation through the bacteriall cehvelope. In vitro single channel
electrophysiology experiments vivo biological assays and molecular dynamics simutatio
studies are combined together to obtain an atamaestid molecular detail of antibiotic
permeation through the outer membrane protein aanintibiotics interaction with the
outer-membrane proteins channels from Gram-neghtaegeria such asscherichia coli and
Enterobacter aerogenes and Gram-positive bacteridNocardia farcinica have been

characterized in detail.

Here, we present two fascinating aspects that caligd the interaction of antibiotic with the
protein channels. First, the biophysical charasties of membrane proteins play a significant
role in determining the translocation of antibisti¢or example, we have shown how the
negatively chargedl. farcinica porin allow the permeation of positively chargetilaiotics;
however neutralizing the negatively charged resdoé the pore showed a depleted
interaction of positively charged antibiotics. Sedp the external conditions can also
drastically change the kinetics of antibiotic iatetron with the channel protein. For instance,
we have shown that the presence of magnesium itmeisolution can modulate the kinetics
of enrofloxacin interaction with th&. coli OmpF porin. Similarly, changing the external
electrolyte solution from potassium chloride tokyuilonic liquid solution can drastically slow
down the kinetics of antibiotic with the channebfin.

Overall, we have explored various aspects involiredunderstanding the permeation of

hydrophilic antibiotics through the outer-membramnetein channels.
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Chapter 1

General Introduction

We should be taught not

to wait for inspiration to start a
thing. Action always generates
inspiration. Inspiration seldom
generates action.

- Frank Tibolt



1.1 Antibiotic resistance: Global problem

“It is time to close the book on infectious disegsand declare the war against pestilence
won”. A famous US surgeon Dr. William H. Stewartdeahis statement in the 1960s, which
was considered the golden age of antibiotics, wheagor improvements in health care
accompanied by newly developed antibiotics dralégicaduced the mortality rates of patients
suffering from infectious diseases [1]. Howeverlf hacentury later, the rapid increase in the
emergence of multidrug resistance superbugs suamedBicillin resistantStaphylococcus
aureus, multidrug resistantMycobacterium tuberculosis, Pseudomonas aeruginosa, and
Acinetobacter baumannii, has clearly defied the above statement [2-5]. ddrestant rise of
antibiotic resistant bacteria accompanied by thmdralecline in new antibiotic discovery
implies the possible apocalyptic post-antibioti@.ein short, Antibiotic resistance has

become a global problem”.
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Figure 1: Timeline of antibiotic introduction in the market. (Re-used by permission from Nature
publishing group, License number: 3451341158269)

A panacea for infectious diseases started withdikeovery of penicillin and sulfa drugs
during the 1940s [6]. Antibiotics were considersdaamedical miracle saving countless lives
all around the world. Soon after, during the 1980d the 1960s, new researches on antibiotic
discovery led to the introduction of new classesaatibiotics in the market, such as
aminoglycosides, macrolides and tetracyclines [&ifjure 1 shows the timeline of antibiotic
discovery. However, by the nature of evolution,tbea have learned to adapt themselves to
different antibiotics by numerous resistant mecsasi [7—10]. The emergence of resistant
bacteria started mainly in the hospitals, soonr dfte antibiotics were used to treat infected

patients [11]. The sulfonamide and penicillin-résig Staphylococcus aureus and Neisseria
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gonorrhoeae were the first resistant strains identified in @9412,13], followed by thé-
lactamase producinglaemophilus influenza in 1970s [14], and the streptomycin resistant
Mycobacterium tuberculosis [15] and methicillin resistan®aphylococcus aureus in 1980s
[16,17]. However, multidrug resistant strain wasiatly only detected in the enteric bacteria
such ast. coli and Salmonella [18—20], which later was found in different othetasses of
bacteria such a®seudomonas aeruginosa, Acinetobacter baumannii and even multidrug
resistantMycobacterium tuberculosis [10,19,21]. With the emergence of multidrug resista
bacteria, the need for new antibiotics is great@ntever. Even so, the newly developed
antibiotics are rather only modifications of exigfiantibiotics [22]. Since the 1970s, only two
new classes of antibiotics, oxazolidinones andicyidopeptides have been introduced in the
market [6,23]. In this everlasting combat betweantéria and antibiotics, the bacteria will
always evolve with newer resistance mechanismsrefore, the only way possible is to

constantly develop new antibiotics.

The advancement of genomics in the 1990s induced hupe in genome based antibiotic
discovery [24]. The full genomic sequence of baatallowed us to obtain several target
genes within the bacteria that were essentialtfeir tygrowth and sustainability. Meanwhile,
numerous tools for high throughput technologiesendeveloped that could screen a wide
range of synthetic and natural compounds preserthendatabase to obtain prospective
compounds that could be the next antibiotic in peeline [25]. However, most of the
potential compounds that worked wonderfuity vitro, were less effectiven vivo. Using
genomics, Glaxo-Smith-Kline spent 7 years identidyimore than 300 potential bacterial
target sites and performed 70 high throughput singecampaigns for each target site with
no fruitful result [24]. New approaches and toots dntibiotic discovery along with
understanding the mechanism of bacterial resist@ane of the most important tasks at
hand. The various different classes of antibiotit®ir target sites and the resistance

mechanism of bacteria against different antibioties discussed below.

1.2 Antibiotic resistance mechanismsin bacteria

Bacteria have developed resistance mechanismssaghiferent classes of antibiotics based
on their target site [26]. Table 1 shows all thiedent classes of antibiotics developed and

the target site of these antibiotics inside thddya



Table 1. Target site of different classes of antibiotics[19]

Antibiotic Class Target Site

B-lactams (penicillins, cephalosporins, Inhibits cell wall synthesis

carbapenems, monobactams)

Fluoroquinolones Inhibits DNA synthesis
Aminoglycosides, Tetracyclines Inhibits protein #esis
Sulfonamides, trimethoprim Inhibits folic acid slyasis
Polymyxins Disrupt cell membrane
Rifampin Inhibits RNA synthesis

The resistance mechanisms of bacteria are usuailgrgic, implying that the alterations in
the genetic code of bacteria make the susceptditeba turn resistant [19,27]. The acquired
resistance can be due to genetic mutations or ghragene transfer via plasmids and
transposons from another resistant bacterial stf&if]. Figure 2 depicts different
mechanisms that the bacteria employ to gain regist§26]. For instance, some bacteria are
able to produce enzymes likglactamases and metalfolactamases that degrade the
penetrating-lactam antibiotics such as penicillins, carbapemnamd cephalosporins [28,29].
Resistance against antibiotics can be obtainedithgrealtering the antibiotic molecule or
altering the antibiotic target site inside the baet [30]. For example, resistance against
aminoglycosides is usually obtained by altering skreicture of the antibiotic molecule by
enzymes such as N-acetyltransferases and O-admersfitrases [31]. Similarly, resistance to
fluoroquinolones is obtained by modification of tharget sites, DNA Gyrase A and
Topoisomerase IV [32]. All these enzymatic reacti@ne rather specific to a certain class of

antibiotics depending on their sites of action.

Another important mechanism favored to gain resi#ao almost all the antibiotic classes is
by altering the permeation of the antibiotics tlglouhe cell membrane [30,33,34]. Previous
studies have outlined porins as the major pathwagntibiotic uptake through the outer-
membrane of the bacteria [34]. The bacteria are tbkither lower the expression of porins
or bring mutations in them to limit antibiotic tigport [8,35,36]. Similarly, multidrug-efflux
pumps such as AcrAB-TolC complex present in thé @elelope are able to actively pump
the incoming antibiotics out of the cell making tbempound inactive [37,38]. The cell

membrane, acting as the first line of defense,gpkaynajor role in reducing the permeation of
4



antibiotics into the cell. Hence, understandingypeation of antibiotics through the complex
cell envelope of the bacteria is not only an irdéng topic for research but quiet essential to
win the race against antibiotic resistance.
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Figure 2: Various mechanisms of antibiotic resistance utilized by bacteria
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The major part of my thesis focuses in understanpdine molecular details of antibiotics
transport through the outer-membrane of the badteell envelope, with particular interest in
obtaining the kinetics of antibiotics interactionitiwthe outer-membrane porins. In this
chapter, | will begin by describing the complex teai@al cell envelope and introduce different
types of porins present in the outer-membranepviad by literature review on antibiotic
transport through the cell membrane.

1.3 Bacterial cell envelope

The cell membrane of bacteria is an intricate rayléred assembly responsible for both
structural and functional roles in the cell [39h€l cell membrane acts as a first line of
defense protecting the cell against various hostilgronments, yet ensuring its survival by

selectively allowing a passage of nutrients inte tell cytoplasm [40,41]. The presence of



hydrophobic lipid bilayer and the water-filled outeembrane porins allow the permeation of
both hydrophobic and hydrophilic compounds into ¢eé# [42,43]. However, the selectivity
factor of permeation is more complicated, and gsembly of cell envelope plays a vital role

in regulating selectivity.

The bacterial cells are divided into two major grewaccording to the structure of their cell
envelope: a) Gram-positive bacteria and b) Granatneg bacteria. The nomenclature of
classification comes from a scientist Christianr@ravho devised the method to differentiate
bacteria based on a staining technique. The stateithnique was based on the differentiated
cell envelope of the two class of bacteria mairiingng the peptidoglycan layer [41]. The

multilayered structure of the cell envelope of theso bacteria is shown belowkingure 3.

Gram-Negative Bacteria Gram-Positive Bacteria
Assymmetric Outer- O:m
membrane, LPS/lipid m

Q ] QQQQQQQQQQQQQQQ T QQ Inner Membrane, || Q || ] T QQ T QQQQQ || ] | T T QQ
OGOOOOOOOOOOOOOOOOCIOS  Symmetric Lipid eccecoee o'e)
bilayer

Figure 3: Schematic representation of the cell envelope of Gram-negative and Gram-positive
bacteria

The cell envelope of Gram-negative bacteria is@nvembrane envelope separated by a thin
peptidoglycan layer. The outer-membrane is asymmétr nature, with the outer-leaflet
composed of Lipopolysaccharides (LPS) and the ine&flet composed of phospholipids,
whereas the inner-membrane is symmetric and cordsasely of phospholipids [41,43]. The
LPS leaflet consists of a hydrophobic glucosamiagseld phospholipid (lipid A), negatively
charged short core oligosaccharide and long O-amtgplysaccharides [44]. The repulsive
force between the negatively charged regions inweelLPS molecules is neutralized by the
presence of divalent cations such as*Mm the leaflet [45]. The LPS molecules can
significantly lower the permeability of lipophilimolecules across the cell envelope and thus
protect the cell from hydrophobic antibiotics aretetgents [39,46]. The inner leaflet, similar
to inner membrane, is composed of 80% phosphatlthtelamine, 15%
phosphatidylglycerol and 5% cardiolipin [40]. Theptidoglycan layer separating the two
membranes is a polymer composed of repeating disade N-acetylglucosamine and N-

acetylmuramic acid [47]. They provide rigidity toetcell and protect the cell to collapse from
6



osmotic pressure [41]. The presence of lipids endbll membrane provides a strong barrier
for the permeation of hydrophilic molecules. Theml)s contain water filled protein channels,
called porins, which allow selective permeatiompdirophilic compounds into the cell, which

will be discussed later in detail [39].

In contrast, the cell envelope of Gram-positive tbaa is solely composed of a single
membrane with a thick peptidoglycan layer facing tell exterior. Comparatively speaking,
the peptidoglycan layer of Gram-positive bactesiaround 30-100 nm in length, significantly
larger than the Gram-negative bacteria that con@aipeptidoglycan layer of only a few
nanometers [41]. The thick peptidoglycan layecamposed of repeating disaccharide units
covalently attached to other anionic polymers li&ehoic acids and lipoteichoic acids [48].
Overall, the peptidoglycan layer is a mesh-like sikadeton giving structure to the cell,
however, the layer is porous enough to allow diféfasof different hydrophilic metabolites
into the plasma membrane [34,49]. Thus, unlike Gregative bacteria, Gram-positive

bacteria do not require porins for permeation arbphilic molecules.

Mycolic Acid containing
Gram-Positive Bacteria

Free Lipids Ig]g}glg@g pori m

Mycolic Acid Layer

Arabinogalactan Layer

P PPAPPE? ?
e'¢ eeecoccoccee O

Figure 4: Schematic representation of the cell envelope of mycolic acid containing actinomycetes

Inner Membrane,
Symmetric Lipid
bilayer

Within the Gram-positive bacterial family, lies pesific group of bacteria that contains a
rather unique cell envelope. Accordingly, thesetdx@a are classified as mycolata, or mycolic
acid containing actinomycetes [5S®igure 4). Even though the exact organization of the cell

envelope is still unclear, the mycolata are knowrtdntain an outer-membrane of mycolic
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acid similar in function to that of the outer-merahe of Gram-negative bacteria [51,52]. The
cell envelope contains a peptidoglycan layer whish covalently attached to the

arabinogalactan layer which is then covalentlyciwtal to the mycolic acid layer [53,54]. The
mycolic acids are long alkyl chain fatty acids @®4in mycobacteria, 40-60 in nocardia and
20-30 in corynebacteria) that can contain variaugctional groups such as methoxy, keto,
epoxy ester groups or cyclopropane rings [52,55-bi7¢ mycolic acid layer acts as a barrier
for the permeation of hydrophilic compounds andstlporins have been identified in the

mycolata family of bacteria such as mycobacter rmocardia [58—-61].

1.4 Porins

Porins are water-filled protein channels presethécell membrane that allow permeation of
hydrophilic molecules [39,42]. They are presentthe outer-membrane of Gram-negative
bacteria, the mycolic acid containing actinomycetesd even the outer-membrane of cell
organelles such as mitochondria and chloroplas}. [BBe number of porins in the outer
membrane lies in the range of’Ifbrins per cell covering at least ¥4 of the totaface area,
making them one of the most abundant proteins iis §&2]. The structure and functional
characteristics of these porins have been widalgietl in last 40 years using various
techniques. The functional studies of solute trarisghrough porins have been determined
using liposome swelling assay and planar lipidygtaelectrophysiology [63—74]. The crystal
structure of different porins have been solved giginystallography which illustrates that
except for few, most of the porins from Gram-negatiacteria have a beta-barrel motif and
are either monomeric or trimeric in nature [75—73imilarly, computational studies have
been performed extensively to understand the miaedetails of ion and substrate transport
through the porins [78-82]. The rigid structurdfedent substrate specificities, varying sizes
and possibility of easy modification make porinsideal candidate to different biological
applications. Novel methods of research to studgsport across porins have become quite
popular since the last decade where porins are asduological nanopores for biosensing

[83]. A short description of different types ofrpws found in the bacteria is presented below.

1.4.1 Gram-negative bacterial porins

Gram-negative bacterial porins are usually difféegad by their substrate selectivity and are
divided into two general classeg;general diffusion porins or non-specific poringdan



specific porins [39,40,42]. For example, gener#ldion porins such as. coli OmpF/OmpC
allow permeation of wide range of solute molecufesuding sugars, ions and amino acids,
while specific porins such aB. coli LamB/ScrY allow permeation of only maltose and
sucrose respectively [64,66,84—87]. The gener@lisldn porins such as OmpF also allow the
permeation of maltose; however the rate of diffnsad maltose through OmpF is highly
dependent on the concentration gradient acrossntkenbrane. In case of very low
concentration (mM ranges) the diffusion of malttds®ugh the OmpF porin is insignificant
which is why specific channels such as LamB, tlaatehan affinity site to maltose, are needed

for higher rate of permeation [39].

General diffusion porins

The E. coli general porins, OmpF, OmpC and PhoE are the ti@st extensively studied
porins, and are appropriately termed as “clasgioahs”. All the three porins allow diffusion
of wide range of substrate yet have a selectiverfilased on charge and size [39,88,89]. The
constriction region of OmpF (largest of three psyirs around 0.9 nM and has a molecular
weight cut off filter of 600 Da [75,90,91]. OmpF carOmpC are both cation selective
channels whereas; PhoE is an anion selective chf®n®2,93]. Interestingly, it has been
observed that high salt concentration promotesotrex-expression of OmpC compared to
OmpF. Studies have shown that the selectivity ofpBrto cation decreases at high salt
concentration whereas the selectivity of OmpC tooas always higher compared to that of
OmpF. This could mean that to preserve the selgcfilter, there is an increase in OmpC
production [39,94]. Other bacterial species suchEagerobacter aerogenes, Klebsiela
pneumoniae, Providencia stuartii and many more also have similar diffusion porins.
OmpF/OmpC homologues in each of these species Hmean identified, such as
Omp35/0mp36 irEnterobacter aerogenes, OmpK35/0mpK36 irKlebsiella pneumonia, and
Ompstl/Ompst2 ifProvidencia stuartii [95—99].

As mentioned earlier, most of the general diffugponins and its homologues are structurally
similar and have a structure based on a beta-baro&f. The beta-barrel can have strands
ranging from 8 beta-strands (OmpA) to 22 betansisaBtuB) [100]. However, most of the

general diffusion porins have 16 beta-strands aedrameric or monomeric. The beta barrel
is aligned in such a way that the hydrophobic ammeas face outwards into the lipid

membrane and the hydrophilic amino acids face id#anto the pore [100]. ThE. coli



OmpF was one of the first porin whose crystal stmecwas resolved by Cowan et al. and is
shown below irFigure5 [75].

Figure5: Crystal structure of single monomer of E. coli OmpF porin (Re-used by permission from
Frontiersin Bioscience) [101]

The OmpF channel forms a homotrimer with each marooonsisting of 16 anti-
parallel beta strands forming a beta-barrel 7 xA1® diameter. The beta barrel spans the
outer membrane with long loops on the extra cetlside and short loops on periplasmic
side. Each monomer is stabilized by the internaplsstructures whereas the strong
hydrophobic interaction between the monomer barstdbilizes the trimer porins. The
loop 2 also plays a major role in trimer stabilibg it folds into the adjacent monomer
pore and interacts with the loops 2, 3 and 4 ofaticent monomer. The most significant
aspect of the channel is the L3 loop present irptiogein, which folds back into the channel
forming a constriction zone of around 9 A at hak height of the channel giving it an hour
glass like shape. This folding of the L3 loops plaan important role by acting as a steric
barrier and introducing strong electrostatic intéoms inside the pore. The two negatively
charged residues D113 and E117 in the L3 loopschuster of positive charge residues, R42,
R82 and R132 in the opposite barrel wall creatér@ng transverse electric field inside the
channel [75,76]. The importance of these residngble constriction region has been shown
in various mutational studies [102,103]. Mutatihg D113 residue changes the selectivity of
the channel and the rate of sugar transport thrahigfOmpF channel [104,105]. Increased
interaction of ampicillin antibiotic has also beamserved in D133N mutant compared to the
WT OmpF channel [106].

10



ii) Specific porins

Different types of substrate-specific porins haveerb identified inE. coli and other
Enterobacteriaceae. The maltose specific LamB [84,85], sucrose spechlicrY [87],
nucleotide specific Tsx [107], fatty acid speciffadL [108,109], water specific aquaporin
[110], and cyclodextrin specific CymA [111] are sorfew examples of substrate specific
porins. These channels have a strong binding 8fftal their respective substrate with the
dissociation constarfp in uM concentrations[39]. The structure of bothmEaand ScrY
channels are similar to that of OmpF channel, extiegd both of these are 18 beta-stranded
barrels. Structure of LamB channel bound with tredtose sugar is shown belowkingure 6
[112,113]. Both the channels have loop 3 foldingtie center of the pore forming a
constriction, however the constriction region ofi&is smaller than OmpF while ScrY has a
larger constriction region that that of OmpF. Theyér size of the substrate of ScrY channel
could be the reason for the larger pore size [B8pther interesting channel is the CymA
from Klebsiella oxytoca that allows the permeation of cyclodextrin moleculeatthave a
mass of around 1 kDa. The half saturation consthrtyclodextrins to CymA, has been
measured to be around 28 uM by titration experimgmfi4,115]. However, the crystal
structure of the protein is still unknown and itwleb be really interesting to understand how a

porin is able to transport such a huge moleculesscthe membrane.

Figure 6: Crystal Structure of E. coli LamB with maltose bound in the constriction region (Creative
Commonsrights, displayed on http://www.ebi.ac.uk/)

Apart from Enterobacteriaceae species, various other specific channels have lksmified
in different Gram-negative bacteria. For examlssudomonas aeruginosa is a multidrug

resistance bacterium that is known to have numespesific channels [63]. Furthermore,

11



Pseudomonas aeruginosa does not contain any general diffusion porin irithouter-

membrane, which is why it has a rather low perniggaland high intrinsic resistance. The
glucose selective OprB [116], phosphate selectipeGOand OprP [117], and amino acid
selective OprD [118] are a few examples of substsgiecific porins. Electrophysiology
measurements on channel conductance have showth#sat specific channels are usually

very small and mostly remain in a closed confororafiLl19].

1.4.2 Porins from Gram-positive actinomycetes

The mycolic acid containing actinomycetes (mycobaat nocardia, corynebacteria), have a
highly complex hydrophobic cell exterior [53,1208imilar to their Gram-negative
counterparts, it was initially expected that thgsmup of bacteria contain porins in their outer-
membrane for the transport of hydrophilic solutasl992, Trias and Benz identified the first
channel forming protein in the cell wall of mycob&@ [61]. Soon after, porins in the cell
wall of Mycobacterium chelonae [61], Mycobacterium smegmatis [121], Mycobacterium
tuberculosis [122], Nocardia farcinica [59], Nocardia corynebacterioides [123], and
Corynebacterium glutamicum [124], were identified and biophysical charactetizas such as
conductance, selectivity, voltage dependence weszfoqmmed. MspA porin from
Mycobacterium smegmatis is one of the most studied porin in this groupmyfcolata and the
crystal structure of the porin has been determaseghown irFigure 7 [125]. The structure
of the pore is completely different from the ustmdta-barrel porins of Gram-negative

bacteria.

hydrophilic
vestibule

hydrophobic
(-barrels

Figure7: Crystal structure of MspA porin from Mycobacterium smegmatis (Creative Commons, Re
used with article published in Beilstein Journal of Nanotechnology [126])
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The MspA porin is a goblet shaped homo-octamehiennel that forms a single functional
pore. The MspA channel is 9.6 nm in length andr8r8in width, and contains a hydrophobic
domain of 3.7 nm and a hydrophilic vestibule of Br8. The periplasmic loop, L6 of MspA is
longer than the extracellular loops and forms astraotion region of 1 nm in the periplasmic
entry. The shorter extracellular loops are presetihe vestibular opening forming a 4.8 nm
wide pore. The constriction zone of the octamerispM channel consists of 16 aspartate
residues creating a high density of negative clsar@werall, the MspA channel consists of
160 negatively charged amino acids and 64 posjtieblarged amino acids, making the
channel highly cation selective [125]. Using lippsoswelling assay and mutational studies,
MspA has been shown to be the pathway of permeafimarious hydrophilic solutes [127—-
129]. Furthermore, MspA porin is garnering interasta tool in nanotechnology to perform

next generation DNA sequencing [83].

1.4.3 Porins from Chloroplast and Mitochondria

The mitochondria and chloroplast are doubled men#ieell organelles. The exchange of
hydrophilic molecules from the cell cytoplasm intee mitochondria and chloroplast is
performed using general diffusion porins [130]. @ma forming proteins have been
identified in the mitochondria oParamecium [131,132], Saccharomyces cerevisiae [133],
human [134] andNeurospora crassa [135]. However, most of these porins are highly voltage
dependent and anion selective (VDAC), such thagntains in closed state at voltages higher
than 20-40 mV [130,132] The structure of mitochondrial VDAC channel iswgar to that of
OmpF channel, whereby a beta-barrel is formed bgdibbeta strands [136].

Interestingly, TOM/TIM complex machinery has alseeh identified in the mitochondrial
membrane of different organisms, which is knowrtaatain a pore forming complex [137].
The machineryhas been characterized in detail and peptide treatbn studies have been
performed identifying the machinery to be involved protein translocation across the
membrane [138,139].

Overall, the importance of porins in translocatasrvarious essential hydrophilic compounds
such as sugars, amino acids and proteins has lhesnaied above. However, porins have
also been recognized as the major pathway of atitbiranslocation into the cell. The next
section contains some of the past studies hightighgorins as the pathway of antibiotics, and

how porin regulation can play a major role in deti®ing bacterial resistance.
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1.5 Antibiotic diffusion through porins

Antibiotics need to permeate through the outer-nramd of the cell envelope to reach their
target sites. Depending on the antibiotic structame properties, three major pathways of
antibiotic permeation exist~(gure 8), i) lipid Bilayer, ii) water-filled porins andii) self-
promoted uptake [33,39,140]. Most of the hydrophoantibiotics such macrolides and
rifamycin slowly diffuse across the lipid bilayetd,141], while hydrophilic antibiotics such
asp-lactams, fluoroquinolones and chloramphenicolsnigaise the general diffusion porins
pathway for penetration [66,70—72]. Previous staidiave shown that some antibiotics such
as aminoglycosides utilize polymyxin B like selbproted pathway, which is still not

properly understood [39,142].

Ac

Transporter

i RN

Figure 8: Diffusion mechanisms of different antibiotics through the bacterial cell envelope. Re-
used by permission from Bentham Science Publishers, license no: 3434710773130

Porins have been identified to serve as pathwaysydfophilic antibiotics through the cell

membrane [8,70]. Translocation of differeptlactam antibiotics such as penicillins and
cephalosporins through porins has been demonstiaded) liposome swelling assay and
antibiotic flux assay [70,143]. These studies iathc that the rate of permeation of
zwitterionic antibiotics is accelerated by geneatdfusion porins as opposed to the anionic
antibiotics.

Different in vivo studies based on Minimum inhibitory concentratidniC) assays and
antibiotic killing assays have also highlighted ipsras the major pathway of antibiotics
permeation [144]. Loss of porins OmpF/OmpCEircoli displayed increased resistanceEof
coli to different cephalosporin and beta-lactams aotiits [145]. In a study carried out by

Pageset al., the outer-membrane porin compositions of diffiefglactam resistant clinical
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Enterobacter aerogenes strains were studied. It showed that almost hélthese highly
resistant clinical isolates had little or no poringheir outer membrane [146]. Additionally,
studies onEnterobacter aerogenes Omp36 porin have shown that a single mutation & th
loop 3 region (Glycine > Aspartate) reduced thedcmtance of the pore and increased
cephalosporin resistance [147]. Hihebsiella pneumoniae, the loss of OmpK35/36 porins in
its outer-membrane demonstrated increased resestancephalosporin [98]. Similar studies
have been performed on other Gram-negative bartesa of OprD porin irPseudomonas
aeruginosa and loss of CarO porin frorcinetobacter baumannii increased their resistant to
carbapenem antibiotics [148-150]. Knockout mutaiohMspA porin fromMycobacterium
smegmatis, a mycolata, have also shown to increase resistaacvarious hydrophilic
antibiotics [151].

Figure 9: Electrophysiology recordings and Molecular dynamics simulations of ampicillin
interaction with E. coli OmpF porin [72]. Re-used by permission from PNAS publishing group,
Copyright (2002) National Academy of Sciences, U.S.A

Bezrukhov et al. first identified the molecular aietof antibiotic translocation through the
porins by combining single channel electrophysigl@nd molecular dynamic simulation
experiments [72]. The translocation of zwitterioammpicillin antibiotic was studied witk.

coli OmpF channel, where ampicillin molecules block tbe current through OmpF in
transient manner. Computational studies performe®mpF and ampicillin depict that the
molecule at its zwitterionic form has a strong fattion at the constriction region with the

negatively charged residues in the loop3 and thstipely charged residue in the opposite
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barrel. The specific interaction of the ampicillimolecule with the OmpF porin is shown
below inFigure 9. It was hypothesized that the antibiotic moleautiéizes this affinity site
inside to pore to increase the rate of penetrd#@h

Similarly, single channel electrophysiology and potational study on antibiotic interaction
through the porins have now been carried out wilfierént classes of hydrophilic antibiotics
and porins. Electrophysiological studies on OmpFKirpavith antibiotics from penicillin

family- zwitterionic amoxicillin and anionic carberlin and piperacillin - further

demonstrated the presence of strong interactiowdset amoxicillin and OmpF, while no
such interactions were displayed for anionic antibs [152]. These observations were in
accordance with the liposome swelling measurementgreby zwitterionic compounds

permeated faster through OmpF [70].

Rate of permeation of carbapenems, cephalospandspenicillins with the Omp36 porins
from Enterobacter aerogenes have also been studied using single channel efg@tgsiology
and compared with thie vivo antibiotic killing assay [96]. Th&nterobacter ATCC 13048
strain is known to express only Omp36 as a majugion porin in its outer-membranin
vivo studies performed by over-expressing Omp36 panirtee outer-membrane showed an
increased sensitivity to ertapenem and cefepimentfdagin vivo results with single channel
electrophysiology studies, where strong interactadnertapenem and cefepime with the
Omp36 porin was observed, Omp36 was identifiedragjar pathway for antibiotic uptake.

Mutational studies performed on the different amawids residues inside the constriction
region of the OmpF pore affect the solute permeatind selectivity of the channel. An
increased rate of permeation of ampicillin was olsg for the D113N OmpF mutant using
electrophysiology and liposome swelling assay [10@blecular docking of ampicillin in
OmpF D113N mutant demonstrated an increased spadkei constriction region which
enhanced the flux of ampicillin in the D113N mutaHbwever, in case of R132A OmpF
mutant, liposome swelling assay displayed a higmpicillin flux while electrophysiology
displayed reduced or little ampicillin blockage. Mjuutational simulation estimated an
increase in the size of the constriction regionabfactor of 3 allowing higher diffusion of
ampicillin molecule through the R132A mutant. Howevdue to the increased space
complete blocking of ampicillin was not visible ngielectrophysiology as there was enough
space for the ions to pass through even in theepoesof ampicillin inside the channel.
Therefore, interdisciplinary approaches are necgsta obtain a better understanding of

transport processes of antibiotics through porins.
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1.6 Motivation

The overuse of antibiotics in hospitals and agticel farms has created a selective pressure
for bacteria to evolve against the antibiotics gagh resistance [7,153]. The ever-growing
need of new antibiotics against the rapidly emeaygmulti-drug resistance bacteria has been
highlighted. Yet, various approaches such as gemoonumbinatorial chemistry and drug
screening to develop “New Drugs for Bad Bugs” hawvay led to disappointments [24].
Furthermore, the antibiotic discovery and developinpeojects are economically unattractive
for big pharmaceutical companies and more and roigreompanies are closing down their
infectious diseases department. The total cost rdibiatic discovery to development
calculated in 1991 by Center of Study of Drug Depetent in Tufts University was
estimated around $231 million, whereas the samdysperformed in 2000 showed the
increase in cost to $802 million dollar [154]. Ahet significant factor is the timeline of
antibiotic development, which is around 10-14 yedaosn discovery to trial phases until it
comes out to the market [155]. The constant irdtain antibiotic discovery, long timeframe
from discovery to market and the lower economiamretto investment make antibiotic
discovery unfavorable and thus, pharmaceutical @mes opt out for financially rewarding
diseases such as cancer and cardiovascular disesesver, the social pressure exerted on
big pharmaceutical companies on infectious disehassprevented a complete shutdown of
antibiotic discovery. Various collaborations betwgdarmaceutical companies, governments
and research institutes now exist to continue aitbdevelopment and make it economically

favorable.

Traditional methodology in antibiotic discovery ha# yielded any results, which is why it is
important to approach this problem in a differeetrgpective [10]. Rather than screening
different natural and synthetic compounds to obtaeperfect drug, an alternative approach
is to first understand how and why the pre-existinggs are ineffective. Initial studies have
already pointed out that one of the major challelgge in the delivery of the drug into the
cell. Therefore, understanding the molecular mechas of influx and efflux of drug
molecules through the cell membrane can be onetwayercome the problem or antibiotic

resistance.

Using electrophysiology measurements, where aeiogter-membrane porin is inserted into
a planar lipid bilayer, one can measure the iometurpassing through the channel. In
presence of penetrating antibiotics, a changelffatain in the ion current is visible which

represents the passage of a single antibiotic gtrau single porin. Performing statistical
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analysis of channel blocking and unblocking, kinettes of antibiotic interaction with the
channel can be obtained. Combining it withvivo biological assay and molecular dynamics
study, we can get a clear idea on various chenandl structural features important for

enhancing permeation. However, there are limitangydr to this approach.

Electrophysiology techniques are still relativegwnand time resolution of instruments can
be considered one of the drawbacks for antibiotieraction measurements. The time
resolution of the current instrument is around 180vhen measured at the filter frequency of
10 kHz. Antibiotic permeation events are usuallgilfeated diffusion processes and if these
events are smaller than the resolution of the unsént, we have a higher probability to miss
these events. Also, screening of hundreds of aitbcompounds is still a challenging task
and new instrumentation and technology need toelbeldped. Molecular dynamic simulation
has become an important tool to understand theisticndetail of antibiotic interaction with
the channel. However, high computational cost @ technique and the very short time
frame (nano-seconds) of the experiment does nmivals to have a complete visualization of
antibiotic transport through the porin. Nonethelessprovements in the technology and
methodology are being developed constantly andiatit resistance should be dealt giving

priority to the problem of Translocation”.

1.7 Scope of my thesis

Biophysical characterization of pores from Gramatag bacteria such as OmpF, OmpC and
its homologues has been studied extensively. Homvéivated research has been performed
with respect to the pores from mycolic acid contajnGram-positive bacteria. Even though
these porins act functionally similar, they areusturally distinct. Gram-positive bacterial
porin such as MspA are larger and more robust tareavhich is why they have been highly
favorable for other applications such as biosendihglerstanding and characterizing other
porins of similar nature was one of the major mations to start this projedChapter 2 deals
with biophysical characterization of porins from eolic acid containindNocardia farcinica.
Sequentially similar to the MspA porifN. farcinica porin is a hetero-oligomeric channel.
Channel characterization and solute transport (sugeeptide and antibiotics) through wild
type and mutan\. farcinica porin was studied extensively using liposome snglassay and

electrophysiology.

Chapter 3 of my thesis discusses the modulation of antibiprmeation through tHe coli
OmpF porin in presence of divalent cations. Singiannel electrophysiology experiments
were performed to obtain antibiotic rate kinetiog avere compared with molecular dynamics
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simulation to obtain atomistic details of the vada of antibiotic interaction in presence and

absence of magnesium ion.

In Chapter 4, we deal with the time resolution problem of tleehnique. As mentioned
earlier, the resolution of the method does notalls to observe antibiotic interaction faster
than 100us. Thus, we either need to develop nexebnblogy and instruments or find a way
to slow down the antibiotic interaction for detecti Our work deals with using lonic Liquids
salt solutions as a replacement to commonly uséaspim chloride to slow down antibiotic
permeation. Molecular dynamics simulation was pentd to understand the ion transport of

such bulky ionic liquids.

Finally, Chapter 5 of my thesis comes under the European Union Ihglocation project.
This project is a collaborative approach betweeatustries and academic to apprehend the
problem of antibiotic resistance with putting pesjive on translocation. Major part of my
work was to perform single channel electrophysiglageasurements and screen the
interaction of different classes of antibiotics algh the Omp35/36/37 porins from
Enterobacter aerogenes. In vitro results of antibiotic kinetics were later compaxeith in
vivo experiments by obtaining antibiotic MIC assays &iiling rates of cell with highly

expressed outer membrane porins.
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Chapter 2

Molecular transport acrossthe porin

from Gram-positive bacteria:

Nocardia farcinica
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The porin from the Gram-positivélocardia farcinica channel was first identified and
characterized in 1998 by Franziska G. Ré¢fal The porin was later described by Klackta
al. to be hetero-oligomeric channel consisting of subunits NfpA/NfpB and highly similar
to that of the homo-octameric MspA channel friycobacteria smegmati$Ve used these
studies as a base to obtain detailed structuralfamctional feature of the porin. For this
study, theNfpA/NfpBplasmids were obtained from Prof. Roland Benzwaas later expressed
and purified inE. coliBL21 (DE3) Omp8.

The first part of this chapter consists of a putg@g manuscript in ACS Nano. This
publication highlights the single channel charaetgion of the NfpA/NfpBN. farcinica

porin, where the channel conductance, voltage agtmgnand threshold voltage for gating
was measured. Homology modelling of the porin wébpect to MspA porin was performed
to obtain the structural features of the porin. Bsgmmetric opening of the porins similar to
MspA was determined using single channel electrsiplhggy measurements by asymmetric
addition of positive charged peptides to the twdesiof the channel. Similarly, the kinetics of
peptide interaction with the porin was studied &tail by distinguishing binding events from

translocation events.

The second part of the chapter consists of a mapusehich is yet to be submitted. This
chapter highlights the biological significance loéfpore. The presences of porins in the outer-
membrane of the cell envelop is to transport egdenydrophilic nutrients such as amino
acids and sugars into the cell. We performed lipgseswelling assay by reconstituting
Nocardia farcinicaporin into liposomes and studying the rate of @olgugars and amino
acids) transport. Similar to general diffusion perOmpF and OmpC &. coli, we see that
the rate of permeation is higher of smaller sugais amino acids compared to larger sugar
molecules. Previous studies in Gram-negative bactexve highlighted porins as the major
pathway of permeation of hydrophilic antibioticsowkver, little or no studies have been
performed on antibiotic interaction through theipsifrom Gram-positive bacteria. Here, we
characterize the interaction of different antilistiwith theN. farcinica porin using single
channel ion-current analysis. Mutational studieNonfarcinicaporin was also performed to
highlight the importance of charge residues ingltee channel. The changes in the kinetics
rates of antibiotic interaction with the wild-typed mutant porin was studied and analyzed.
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Chapter 2.1

Reprinted with per mission from American Chemical Society

Singh, P. R., Barcena-Uribarri, I., Modi, N., Klekathdfer, U., Benz,
R., Winterhalter, M., & Mahendran, K. R. (2012).llihg peptides

across nanochannels: resolving peptide binding arahslocation

through the hetero-oligomeric channel from Nocarthecinica. ACS

Nano, 6(12), 10699-707. doi:10.1021/nn303900y

Copyright © 2012, American Chemical Society
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Pulling Peptides across Nanochannels:
Resolving Peptide Binding

and Translocation through the
Hetero-oligomeric Channel

from Nocardia farcinica

Pratik Raj Singh, Ivan Barcena-Uribarri, Niraj Modi, Ulrich Kleinekathofer, Roland Benz,
Mathias Winterhalter,* and Kozhinjampara R Mahendran*

Jacobs University Bremen, Campus Ring 1, D-28759 Bremen, Germany

ABSTRACT We investigated translocation of cationic peptides
through nanochannels derived from the Gram-positive bacterium
Nocardia farcinica at the single-molecule level. The two subunits
NfpA and NfpB form a hetero-oligomeric cation selective channel. On
the basis of amino acid comparison we performed homology
modeling and obtained a channel structurally related to MspA of
Mycobacterium smegmatis. The quantitative single-molecule mea-

surements provide an insight into transport processes of solutes
through nanochannels. High-resolution ion conductance measure-
ments in the presence of peptides of different charge and length revealed the kinetics of peptide binding. The observed asymmetry in peptide binding
kinetics indicated a unidirectional channel insertion in the lipid bilayer. In the case of cationic peptides, the external voltage acts as a driving force that
promotes the interaction of the peptide with the channel surface. At low voltage, the peptide just binds to the channel, whereas at higher voltage, the
force is strong enough to pull the peptide across the channel. This allows distinguishing quantitatively between peptide binding and translocation through

the channel.
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acterial cells continuously need to
B exchange small molecules, nutrients,

and proteins with the exterior envir-
onment, simultaneously keeping toxic sub-
stances out. Selective transport of mole-
cules through the cell wall is a fundamental
process in bacterial life. Many of these pro-
cesses involve channels made by aggrega-
tion of peptides, membrane proteins, or
receptors.'© For example, the cell walls of
Gram-positive bacteria contain a thick pep-
tidoglycan layer, which allows the permea-
tion of hydrophilic substances up to a mol-
ecular mass of 100 kDa.” From this follows
that unlike Gram-negative bacteria, Gram-
positive bacteria do not require pore-
forming proteins in their cell wall to trans-
port hydrophilic molecules.>” However,
among this group of bacteria, a subgroup
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belonging to the order actinomycetales
contains an even thicker cell wall with a
large amount of lipid covalently linked via
arabinogalactan to the peptidoglycan layer,
termed mycolic acid.” This thick lipid layer
is called the mycolic acid layer because of
the presence of long-chain mycolic acids.
It represents a second permeability barrier
besides the cytoplasmic membrane. In re-
cent years, water-filled pores have been
identified in the mycolic acid layer of certain
bacteria that allow the permeation of hydro-
philic molecules into the space between the
inner membrane and the mycolic acid layer.
A well-studied channel belonging to this
class of membrane channels includes MspA,
a major porin of Mycobacterium smegmatis,
mediating the exchange of hydrophilic
solutes across the outer membrane.”
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This porin has an octameric goblet-like conformation.
The constriction zone of the octameric MspA channel
consists of 16 aspartate residues (D90/D91) creating a
high density of negative charges, which likely explains
the high cation selectivity of this porin.® Similar
to M. smegmatis, the cell wall of the Gram-positive
bacterium Nocardia farcinica contains also a cation-
selective channel composed of two subunits, N.
farcinica porin A (NfpA) and N. farcinica porin B
(NfpB), that form together a channel in artificial lipid
bilayers.'®~"? The N. farcinica channel (NfpA—NfpB)
is a hetero-oligomer and structurally related to MspA
of M. smegmatis based on amino acid comparison. The
amino acid sequence alignment suggests an overall
amino acid sequence identity of 11% between NfpA,
NfpB, and MspA, whereas the identity between NfpA and
NfpB is about 52%.'°~'2

The complexity of biological systems makes it im-
portant to study specific functions of membrane pro-
teins in vitro. Techniques such as electrophysiology,
computer simulations, and X-ray crystallography are
used to investigate the translocation pathways of anti-
biotics, nutrients, genetic material (DNA), polyelectro-
lytes, and peptides across protein channels."*~'® The
purification from the native membrane and reconstitu-
tion of the purified protein into an artificial biomimetic
membrane is the primary method by which the char-
acterization of membrane proteins can be studied
isolated from other components.?® To obtain initial
information on the function of membrane channels,
the method of choice is to record the ion currents
across the channel.”®'*'7 The underlying measuring
principle is the huge difference in ion conductance
between the insulating lipid membrane and ion con-
ducting channel, allowing readily a first characteriza-
tion of single channels with respect to pore size or ion
selectivity.>'®'722 Porins reconstituted into liposomes
and planar lipid bilayers were recently used for mea-
surements of substrate translocation.? 2% As the en-
ergy barriers for influx of several substrates are asym-
metric with channel orientation, it becomes interesting
to investigate the orientation of reconstituted porins
relative to their directionality in vivo.**?3

The interaction of polypeptides with transmem-
brane protein pores is of fundamental importance in
biology.?* Today most studies on the mechanism of
protein and peptide translocation across lipid mem-
branes used the ion channels alpha-hemolysin and
aerolysin reconstituted into planar lipid bilayers as
model translocation systems.>>~3' Here in this work,
we express and purify outer membrane porin subunits
from N. farcinica, NfpA and NfpB, that form hetero-
oligomeric channels when reconstituted into planar
lipid bilayers. The single-channel properties such as ion
conductance, selectivity, and channel gating were
investigated. We analyzed also the interaction path-
ways of the peptides by reconstituting single porins
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into artificial planar lipid bilayers and measuring the
binding of peptides by time-resolved ion current block-
ages. Homology modeling of the N. farcinica channel
with respect to MspA indicated that the channel is
highly asymmetric in shape, and we probed the ori-
entation of the channel in the lipid bilayers by adding
peptides asymmetrically to either the cis or the trans
side. Furthermore, we have shown that the entry and
exit dynamics of charged peptides of different lengths
with respect to the pore can be substantially altered by
applying an external electric field. Therefore this effect
can change the balance between the forces driving
polymers into the pore and the forces driving them out.

RESULTS

Homology Modeling. The structural model of the
N. farcinica channel was built based upon the Modeler
suite of programs.®'? Initially, several iterations of the
PSI-BLAST protein sequence search program in the
PDB database were performed to allow detection of
remote homologues of the N. farcinica channel. Only
the templates with nonredundant structures were kept
and further used for building the homology model.
These templates included the MspA protein from
M. smegmatis. The three-dimensional structure of
MspA is known (PDB code: TUUN) and therefore was
used as a template to model the N. farcinica channel
(NfpA—NfpB) structure.® From the modeled structure,
it can be concluded that the N. farcinica channel
forms a highly asymmetrically shaped channel similar
to MspA, and in its heteroligomeric architecture, two
subunits, NfpA and NfpB, are most likely to be arranged
in an alternating fashion (Figure 1). In addition, the
channel is cation selective with a cluster of negatively
charged amino acids distributed through the channel
lining and an electrostatic potential surface indicating
a highly negative potential inside the lumen of the
channel (Figure 1). Moreover, the periplasmic side
(stem) of the channel consists of negatively charged
residues clustered like a ring, yielding a high charge
density, whereas, in the extracellular side (cap), nega-
tively charged residues are scattered rather randomly
along the channel surface.

Structural Asymmetry Causes Asymmetric Transport Proper-
ties. To test the structural prediction, single N. farcinica
channels (NfpA and NfpB) were reconstituted into
planar lipid bilayers. The single channel conductance
was measured to be 3.0 £+ 0.2 nS at 1 M KCl (Figure 2).
The channel showed a slight asymmetry of conduc-
tance with respect to the polarity of the applied trans-
membrane potential, supporting the view of an asym-
metrical channel reconstituted in lipid bilayers. In
addition, the channels showed asymmetric closure
with respect to the polarity of the applied voltage. At
positive voltages, we observed that the threshold
potential for channel closure was around 30 mV,
whereas at negative voltage the threshold potential
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Figure 1. The modeled structure of the N. farcinica porin A (NfpA) and N. farcinica porin B (NfpB) subunits based on multiple
templates of MspA from M. smegmatis. Negatively charged amino acid residues are clustered in the channel, resulting in high
charge density. (A) Electrostatic potential surface of the modeled structure showing highly negative potential (red color
surface) inside the lumen of the channel. (B) Four NfpA and four NfpB subunits are shown in red- and blue-colored secondary
structures, respectively, where they are arranged in an alternating fashion. Negatively charged amino acid residues shown as
sticks are clustered in the channel stem region, resulting in a high charge density.
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Figure 2. (A) Stepwise insertion of four N. farcinica channels reconstituted into planar lipid bilayers at —100 mV. (B) [V curve
of single-channel N. farcinica channel. lonic currents through single N. farcinica channel at (C) +-30 and (D) —150 mV. At 30 mV,
the channel fluctuates between open and closed conductance state with random gating, whereas at —150 mV the channel
exists in one open state. Experimental conditions are 1 M KCl, 10 mM HEPES, pH 7.4.

for channel closure was above 200 mV (Figure 2).
The mechanism of this voltage-dependent closure of
the channel is so far unclear. Moreover, ion selectivity
measurements indicated that the channel is cation
selective.'?

Our model (Figure 1) is used for the interpretation of
possible binding sites and their effect on the ion cur-
rent. To elucidate the effect of the asymmetric struc-
ture on the transport properties, we characterized
the translocation of differently sized polyarginines
(tri, penta, and hepta) using ion current fluctuation
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analysis. Addition of triarginine to the cis side of the
channel hardly induced any ion current blockages,
showing negligible interaction of the peptide with
the channel surface (Figure 3A). Titrating the channel
with penta-arginine caused short, unresolved ion cur-
rent flickering (Figure 3B). As expected, ion current
flickering increased with increasing peptide concen-
tration. Addition of the hepta-arginine causes fluctua-
tions in a concentration- and voltage-dependent manner.
However compared to penta-arginine, the number of
events is higher (Figure 3C). Under negative potentials
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Figure 3. Typical ion current recordings through a single
N. farcinica channel in the presence of 20 uM (A) triarginine,
(B) penta-arginine, and (C) hepta-arginine added to the
cis side of the lipid membrane with applied voltage of
—150 mV. Experimental conditions are 1 M KCl, 10 mM
HEPES, pH 7.4. Corresponding schematic representation
showing peptide translocation through the channel driven
by applied voltage.

the addition of peptides on the cis side of the chamber
increased the number of events, whereas positive vol-
tages had no effect (i.e., created no blockage events).
We hypothesize that when peptide enters the channel
through the extracellular side, there is enough space
for the ions to pass through, which means cis side
addition of the peptide does not produce pronounced
blocking.

Reversing the external voltage and the side of
peptide addition revealed the asymmetry of the chan-
nel. Addition of peptides to the trans side induced
pronounced blocking of the channel, indicating strong
interaction with the channel surface but with reversed
voltage dependence: positive voltages induced ion
current blockages, whereas at negative voltages no
ion current blockages were produced. As mentioned
above, the frequency of channel closure (gating) in the
absence of the peptide drastically increased at positive
voltages. To distinguish between spontaneous and
peptide-induced gating of the channel, we selected
the time interval that showed only little intrinsic
gating. Triarginine (1 #M) added to the trans side of
the membrane produced short but visible ion current
blockage events (Figure 4A). In contrast, penta-
arginine and hepta-arginine strongly interacted with
the channel, resulting in ion current blockages in
different steps with reduction in the ion conductance
(Figure 4B and C). The corresponding amplitude histo-
gram showing the different conductance states is
shown in supplementary Figure 1. This indicated that
longer peptides have multiple binding sites in the
channel. It is important to note that a concentration
in the low nanomolar range of these peptides added
to the trans side is strong enough to block the channel
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Figure 4. Typical ion current recordings through a single
N. farcinica channel in the presence of (A) 1 M triarginine,
(B) 100 nM penta-arginine, and (C) 100 nM hepta-arginine
added to the trans side of the lipid membrane with applied
voltage of +100 mV. Experimental conditions are 1 M KCl,
10 mM HEPES, pH 7.4. Corresponding schematic represen-
tation showing peptide translocation through the channel
driven by applied voltage.

as compared to addition of peptide to the cis side. The
strength of the channel—peptide interaction is in the
order hepta-arginine > penta-arginine > triarginine.
The channel blockades caused by the peptides penta-
arginine and hepta-arginine are greater in amplitude
and duration than those for a short peptide, triarginine.
We hypothesize that in the case of trans side addition
of the peptide, the negative charges clustered in rings
on the periplasmic entry strongly interact with the
peptide and there is only limited space for the ions
to pass through. As a result, we observed strong
blocking of the channel by the peptide. From the
asymmetrical addition of the peptide, we concluded
that the channel is oriented in the bilayers with the
extracellular part at the cis side and the periplasmic
part inserted into lipid bilayers that can easily be
accessed from the trans side.

Previously it has been shown that noise analysis of
the single-channel level revealed asymmetries in chan-
nel transport.'*?? Such asymmetries are often hidden
in membrane preparations with multiple insertions, in
which the channel orientation appeared to be equally
distributed. Previous analysis of the ion current fluctua-
tions under asymmetric conditions revealed that the
kinetics of sugar entry depends on the side of addi-
tion for maltoporin reconstituted into artificial lipid bi-
layers.?? Moreover, chemical modifications of the sugar
allowed only the entry of the sugar on one side but no
permeation. This enabled us to distinguish transloca-
tion from entry and bouncing back to the same side. It
has been shown that maltoporin catalyzes the trans-
port more efficiently from the outside to the inside
than under reversed asymmetric conditions.'*?%%334
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Figure 5. Typical ion current recordings through a single N. farcinica channel in the presence of (A) penta-arginine added to
the cis side at —150 and —250 mV and (B) hepta-arginine added to the cis side at —150 and —250 mV. The closed current
represents the time spent by the peptide in the channel or the residence time of the peptide. Experimental conditions are

150 mM KCl, 10 mM HEPES, pH 7.4.

Here we extended our study toward interaction of
peptides with the hetero-oligomeric channel from
N. farcinica. As shown in Figure 1, the channel consists
of an extracellular part of large diameter, whereas the
periplasmic side consists of a rather narrow opening.
The addition of cationic peptides of different charge
and length produced an asymmetry in the peptide
binding kinetics that can be used to distinguish the
orientation of the channel reconstituted into lipid
bilayers.

Resolving Binding and Translocation. To elucidate the
electrostatic contributions of peptide interaction with
the channel surface, we reduced the salt concentration
from 1 M to 150 mM KCl and investigated the peptide
binding kinetics by single-channel analysis. Addition of
penta-arginine and hepta-arginine to the cis side of the
channel produced well-defined ion current blockage
events. The channel fluctuated between the fully open
conductance state and the closed conductance state
(Figure 5). The frequency and duration of the ion
current fluctuations depended strongly on the applied
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voltage and peptide concentration. The number of
peptide blocking events and the average residence
time of the peptide blockage increased at low salt
concentration, which indicated charge effects on the
peptide—channel interaction. The peptide binding ki-
netics was derived from the two factors 7. (blockage
time) and 7, (open time or time between successful
blockage) fitted with an exponential fit of the open and
closed time histogram. We found that the reciprocal of
T, (the mean interevent interval) is linearly dependent
on the polypeptide concentration, whereas 7. (the
mean dwell time) is independent of the polypeptide
concentration. The applied voltage serves as the main
driving force to pull the cationic peptides from the
aqueous bath to the channel surface. We plotted 7. and
T, as a function of the applied voltage from —100 mV to
—250 mV for the cis side addition of the peptide (Figure 6).
The plot of average residence time as a function of the
applied voltage allows distinguishing peptide binding
from the translocation. The 7. is higher for hepta-
arginine as compared to penta-arginine (supplementary
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Figure 6. (A) The residence time and (B) the open channel time as a function of the applied voltage (—100 to —250 mV) for
penta-arginine and hepta-arginine. Experimental conditions are 150 mM KCI, 10 mM HEPES, pH 7.4. Peptide is added to the cis

side of the channel.

TABLE 1. Rate Constants of Peptide Association (k,,) and Dissociation (k.¢) and Equilibrium Binding Constant K of the

Interaction between Peptide and Nocardia farcinica Channel

penta-arginine

voltage [mV] Kon IM7"s7'] x 10° Ko [s'1 % 10° KM~ x 107
—100 25402 24+ 024 0.11 4 0.01
—150 58+£05 0.6 £ 0.05 1.06 & 0.1
—250 76 £07 1.9 4 0.20 039 & 0.04

Figure 2). In case of hepta-arginine 7. increased with
increasing voltage from —100 mV to —150 mV, which
indicated that hepta-arginine just binds to the channel
without effective translocation. Surprisingly, when the
voltage was increased above —150 mV, we observed a
decrease in the average residence time with increasing
voltage, suggesting successful translocation of the
peptide through the channel. The threshold potential
for pulling hepta-arginine through the channel was
calculated to be ~—150 mV, where force is strong
enough to drag the peptide from the binding site of
the channel. In the case of penta-arginine, we observed
a similar behavior of increase in the residence time at
lower voltages and a decrease in residence time at
higher voltage. However, the threshold potential for
effective translocation to pull the peptide out of
the channel was calculated to be ~—175 mV. The 7,
decreased with increasing concentration of peptide
and increasing applied voltage. Addition of the pep-
tide to the trans side completely closed the channel
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hepta-arginine

voltage [mV] Kon IM 7577 x 10° Ko [s~ "1 x 10° KIM'] x 107
—100 7.7 £08 0.4 + 0.04 1.74 £ 0.02
—150 9.6 £0.9 0.09 4 0.01 9.88 4 0.04
—250 84408 27+£03 031 4 0.02

due to strong binding at low salt concentration caused
by charge effects. Subsequently 7, and 7. could not be
obtained. The results suggested a simple bimolecular
interaction between the polypeptide and the pore. The
rate constants of association k,,, can be derived from
the slopes of plots of 1/7, vs [pept], where [pept] is the
peptide concentration in the aqueous phase. The rate
constants of dissociation (k.¢) were determined by
averaging the 1/7. values recorded over the whole
concentration range. The equilibrium association con-
stant was then calculated by using K = kon/kofr, Which
gives the affinity of the peptide to the channel. Peptide
binding kinetics for penta-arginine and hepta-arginine
are summarized in Table 1.

Most approaches investigate the modulation of the
ion current through channels in the presence of permeat-
ing solutes caused by slight size differences.'*'”** How-
ever, the translocation of macromolecules through
nanopores is not only determined by the size but
to a large extent also influenced by electrostatic,
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hydrodynamic, hydrophobic, and van der Waals inter-
actions with the nanopore walls.’*~'® The quantifica-
tion of transported uncharged molecules across a few
nanometer long channels remains experimentally a
challenge. Ensemble measurements on liposomes (lipo-
some swelling) have only a limited time resolution.*
The above-described method of noise analysis of the
ion current has a number of unique advantages, among
others, the use of very little material with single-
molecule resolution, the potential for parallelization,
and the relatively good time resolution. However, with
respect to the translocation of uncharged molecules, a
direct conclusion from binding on transport is not
possible.? In contrast for charged compounds, the
applied transmembrane voltage is the driving force
to pull the molecule out of the channel.

In particular pulling DNA through nanopores for
next-generation sequencing remains a very prominent
research area.®'?3¢ Despite the rapid development of
single-molecule techniques, the underlying mecha-
nisms and forces in this molecular transport are poorly
characterized and not fully understood. Previously it
has been shown that solid-state nanopores and biolo-
gical nanopores have been used to study the coupling
between protein translocation and folding.”?#28~31:33
This allows for detection and analysis in real-time
protein translocation events. For example, alpha he-
molysin was used to study the partitioning of synthetic
cationic alanine-based peptides.”>~?” The kinetics of
association and dissociation rate constants obtained
from a single alpha hemolysin channel in the presence

METHOD

Purification of Two Subunits of Porins from Nocardia farcinica. The
purification of the two subunits NfpA and NfpB expressed in
E. coli BL21 (DE3) Omp8 was performed as described previ-
ously.'>*” In brief, the genes flanked with 10 histidine residues
were cloned into the expression plasmid pARAJS2 containing
an arabinose-induced promoter sequence.®® This plasmid had
been prepared, and the porin-deficient E.coli Omp8 cells con-
taining the plasmid were grown in an LB-ampicillin media at
37 °C until it reached the ODgqo of 0.5—0.9. The cells were then
induced with 0.02% of arabinose for overexpression and were
grown at 16 °C for 16 h. The cell broth was centrifuged at 5000g
for 10 min at 4 °C, and the pellet was resuspended in 10 mM Tris
pH 8. The resuspended pellet was later broken down by French
press, and the cell debris was obtained by centrifugation at
5000g for 10 min at 4 °C. The supernatant was ultracentrifuged
at 48000g for 1 h at 4 °C to obtain a supernatant containing the
cytosolic proteins and the pellet containing membrane pro-
teins. Our proteins of interest were found to be present in both
the supernatant and pellet fractions. The protein present in the
supernatant fraction was obtained as inclusion bodies that were
not large enough to pellet down during ultracentrifugation. The
temperature of 16 °C used for cell growth after induction with
arabinose facilitated the smaller aggregation of proteins as
inclusion bodies. Nevertheless, the His-Tag protein purification
from the supernatant fraction had to be performed under
denaturating conditions using urea buffer. The purification
under denaturating conditions was performed by suspending
1 mL of the supernatant in 4 mL of 8 M urea/10 mM Tris/200 uL
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of micromolar concentrations of peptide are strongly
dependent on the transmembrane voltage and pep-
tide length.®'

CONCLUSION

Here in this work, we introduced a new type of
channel, a novel hetero-oligomeric nanochannel de-
rived from N. farcinica. In the present contribution, we
showed an experimental strategy to illuminate various
kinetic contributions to polypeptide translocation
through the N. farcinica channel reconstituted into
lipid bilayers. We have been able to measure time-
resolved single-molecule events of peptide entry into
the pore and obtain detailed kinetic information. More-
over, it has been discussed that N. farcinica channels
reconstituted into planar lipid bilayers have asym-
metric properties in both ion conductance and peptide
binding. This asymmetry in the peptide binding reveals
that channel insertion is unidirectional. The applied
transmembrane voltage acts as a possible driving force
for diffusion of cationic macromolecules through the
channel. We hypothesize that the binding is enhanced
at low voltages and that with increasing applied
voltage the peptide is pulled out of the channel,
resulting in successful translocation. The kinetic data
obtained from our single-channel measurements can
be used to distinguish the peptide binding events from
the translocation events. In conclusion this work de-
monstrates that a biological nanopore can represent a
versatile single-molecule tool for exploring protein
interactions.

Ni-Sepharose High Performance/20 mM imidazole pH 8 buffer
for 6 h at room temperature. The beads were then extensively
washed with 8 M urea/10 mM Tris/100 mM imidazole pH 8 to
remove impurities. Later the NfpA/NfpB proteins were eluted
with the solution containing 8 M urea/10 mM Tris/500 mM
imidazole pH 8. The expression and purification of proteins were
monitored by SDS page and Western blot in every step. The two
subunits, purified separately, were refolded together to form a
hetero-oligomeric channel by ammonium sulfate precipitation.
The two purified subunits were mixed togetherina 1:1 ratio and
precipitated using saturated ammonium sulfate solution. The
solution was incubated overnight and was centrifuged at
18000g for 30 min to remove the supernatant. The precipitated
protein pellet was refolded to native state by incubating for 12 h
in 10 mM Tris-HCl with 1% Triton X-100 and 150 mM NaCl."?
Solvent-Free Lipid Bilayer Technique. Reconstitution experi-
ments and noise analysis have been performed as described
in detail previously.3>** The phospholipid bilayer was formed
with DPhPC (1,2-diphytanoyl-sn-glycero-3-phosphocholine) by
employing the classic Montal and Muller technique.®> A Teflon
cell with an approximately 50 um diameter aperture in the
25 um thick Teflon partition was placed between the two
chambers of the cuvette. The aperture was small enough to
form a stable bilayer with the possibility of protein insertion.
As the electrolyte, 1T M KCI, 10 mM HEPES, pH 7.4 was used
and added to both sides of the chamber unless otherwise
indicated. Standard silver—silver chloride electrodes from WPI
(World Precision Instruments) were placed in each chamber to
measure the ion current. For single-channel measurement, small
amounts of porin were added to the cis-side of the chamber
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(side connected to the ground electrode). Spontaneous channel
insertion was usually obtained while stirring under applied
voltage. In order to prevent insertion of more than one porin,
the cis side of the chamber was carefully diluted with the
same buffer to remove the remaining channels. Conductance
measurements were performed using an Axopatch 200B am-
plifier (Axon Instruments) in the voltage clamp mode. Signals
were filtered by an on board low pass Bessel filter at 10 kHz
and recorded onto a computer hard drive with a sampling
frequency of 50 kHz. Amplitude, probability, and noise analyses
were performed using Origin (Microcal Software Inc) and
Clampfit (Axon Instruments) software. Single channel analysis
was used to determine the peptide binding kinetics. To obtain
good statistics for the results, the experiments were repeated
five times with different N. farcinica channels. We determined
the association and dissociation rate constants and the parti-
tioning data from single-channel recordings of the N. farcinica
channel. In a single-channel measurement the usual measured
quantities as illustrated in Figure 6 are the duration of closed
levels residence time (7)) and open channel time (z,), or for short
blockages the average residence time (7)) and the number of
blockage events per second.
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Supplementary Figure

1) Current amplitude histogram showing fluctuation of the channel between different

conductance steps in the presence of penta-arginine and hepta-arginine. Experimental
conditions are 1 M KCI, 10 mM HEPES, pH 7.4.
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2) Dwell time histogram for closed time and open time in the presence of the penta-
arginine and hepta-arginine. Experimental conditions are 150 mM KCI, 10 mM
HEPES, pH 7.4. Peptide is added to the cis side of the channel.
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3) Concentration dependence of peptide interaction with the channel. Increase in
concentration of hepta-arginine added to the cis side shows increase in ion current
fluctuation. Experimental conditions are 1 M KCl, 10 mM HEPES, pH 7.4.
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4) Hepta-arginine added to trans side of the chamber at low salt concentration. The
interaction effect is so high that the channel doesnot open at positive voltages, due to
the blockage of ion passage by the interaction peptide. Experimental conditions are
150 mM KCI, 100nM Hepta-arginine, 10 mM HEPES, pH 7.4.
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Abstract

The role of the outer-membrane channel from a niycatid containing Gram-positive
bacteriaNocardia farcinica,which forms a hydrophilic pathway across the cedlliywas
characterized. Single channel electrophysiologysmesaments and liposome swelling assays
revealed the permeation of hydrophilic solutesudilg sugars, amino acids and antibiotics.
The cation selectiveNocardia farcinica channel exhibited strong interaction with the
positively charged antibiotics; amikacin and kanamy and surprisingly also with the
negatively charged ertapenem. Voltage dependeeti&mof amikacin and kanamycin were
studied to distinguish binding from translocatidiioreover, the importance of charged
residues inside the channel was investigated usiotational studies that revealed rate

limiting interactions during the permeation.

Keywords. Nocardia farcinica antibiotic resistance, Mycolata, porins, single roie
electrophysiology
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1. Introduction
With the increasing awareness of antibiotic resistaagainst bacteria, recent findings have
revealed a strong correlation of resistance wittmgability changes of the cell wall [1-3].
The outer membrane of Gram-negative bacteria dnnés to the intrinsic resistance by
decreasing the flow of antimicrobial agents inte ttell [4—6]. In contrast, Gram-positive
bacteria lacking an outer membrane in their celll wee in general, more sensitive to
antibiotics [7]. A further group of Gram-positiveadieria belonging to the actinomycetales
taxon, also called mycolata, have a high intrimegistance to a wide range of antibiotics due
to the presence of an additional mycolic acid Idyer10]. The mycolic acid layer is mainly
composed of long chain mycolic acids and free $ipidl resembles the function of an outer

membrane of Gram-negative bacteria [11-13].

Surprisingly, the cell envelope of mycolata alsotatns water-filled protein channels called
porins, which facilitate the diffusion of hydropikilmolecules into the cell [14]. Porins
spanning the outer membrane have been identifigdarcell wall of some members of the
mycolata, such a#ycobacterium chelona¢l4,15], Corynebacterium glutamicurfiL6],
Mycobacteriumsmegmatig17] and Nocardia farcinica[18]. For example MspA, a porin
from M. smegmatisforms pores which allows the uptake of variousassigand hydrophilic
antibiotics [19,20]. In recent years the importamdethe role of porins in the uptake of
antibiotics has been recognized in Gram-negativeba [21]. Additionally, Gram-positive
mycolata group of bacterium comprise microorganijssush asMycobacterium tuberculosis
(TBC), Mycobacterium lepragleprae), N. farcinica (nocardiosis) andCorynebacterium
diphtheriae (diphtheria) that exhibit a pronounced and broatural resistance to various
antimicrobial drugs and contribute towards varidasgerous infections worldwide [22,23].
Hence, there is a strong interest in understanitiegate limiting steps of antibiotic transport
through the channels. In this study, we focus odewustanding the pathway of various
hydrophilic antibiotics as well as solutes through outer-membrane porin from the Gram-

positive mycolatalNocardia farcinica

The outer membrane porin frolh farcinicawas first identified in 1998 [18], which was later
resolved as a hetero-oligomeric channel composad@different subunitsNfpA andNfpB
[24]. The crystal structure of the protein is umkmmabut the sequence analysis suggests that it
has a high homology to the MspA channel [24]. Rvesly, we have studied the translocation
of polypeptides through thi. farcinicachannel reconstituted into lipid bilayers [25].the

present study, we focused on the functionalityha&N. farcinicachannel using planar lipid
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bilayer electrophysiology and liposome swelling agssLiposome swelling assay was
employed to study translocation of various unch@iggitterionic hydrophilic nutrient
molecules such as sugars and amino acids. Usirglesthannel electrophysiology, we
studied ion current fluctuations of the channelpiesence of clinically relevant antibiotic
molecules; positively charged amikacin and kanamyand negatively charged ertapenem
[18]. Additionally, we selectively neutralized timegatively charged amino acid residues at
the pore lumen to elucidate the effect of chargantibiotic-solute interaction within the

channel.

. Materialsand M ethods

2.1 Bacterial strains and growth conditions

Escherichia colicells containing the pARAJS2 vector witipA andNfpB genesvere used
in each experiment. For plasmid purificatibn coli DH5AIpha cells were grown in
LB medium at37°C with ampicillin antibiotic used for selectio. coli BL21 (DE3)
Omp8 was utilized for expression experiments. 1@mbL ampicillin, 40 pg/mL

kanamycin were used for selection.

2.2 Site directed mutagenesis of genes NfpA and NfpB

Cultures oft. coli DH5AIphagrown at 37°C¢ontaining the pARAJS2 plasmitiarboring
wild-type (WT) genes, are used for extraction oé thlasmid In vitro site-directed
mutagenesis was employed to obtain the desiredtimnga The mutations were generated
using twoapproaches; quick change site directed mutagemaesisthe mega primer
method using PCRThe primers used to introduce substitution-mateti were listed in
Supplementary Table 1. The PCR conditions used for quick change mutagieneere:
initial denaturing at 95°C for 1 min, 30 cyclesd&t °C for 30 sec, 55 °C for 1 min, 68 °C for
7 min and final extension at 68 °C for 10 min. FardprimerNfpA and reverse primeédfpA
D141N D142N led to complete copy of pARAJS?2 plaspodtaining desired mutations. The
mega primer required two steps of PCR, first séeptdb mega primers with typical lengths of
250-300 bp and in the second step these mega griwee used as primers for second PCR.
The conditions used were: first step 95°C for 1,8 cycles at 95°C for 30 sec, 55°C for 1
min, 68°C for 45 sec and final extension at 68°C5fonin. The second step consisted of 95°C

for 10 min, 30 cycles at 95°C for 1min, 72°C fomin and final extension at 72°C for 30
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min. Dpnl digestion was carried out on the PCR product aed tun on 1%agarose

gel.

2.3 Protein expression and purification

The purification of the two subunitdfpA and NfpB expressed irE. coli BL21 (DE3)
Omp8 was performed as described previously withhslmodifications [24,25]. Briefly,
PARAJS2 nfpA (mutant)hfpB (mutant) transformed in the porin-deficiefd. coli
BL21(DE3)Omp8 cells were grown in an LB media at@7o an ORyo of 0.5-0.9. The
cells were then induced with 0.02% of arabinoseofar-expression of proteins and were
grown at 16°C for 16 h. The cells are collectedccbgtrifugation at 5000 x g for 20 min at
4°C, and the resulting pellet was re-suspended0irmM Tris pH 8. The re-suspended
pellet was broken down by French press, and thé aebris was separated by
centrifugation at 5,000 x g for 10 min at 4°C. Tégpernatant was ultra-centrifuged at
48,000 x g for 1 h at 4°C to separate the cytogmwiateins present in supernatant and the
pellet containing membrane proteins. The proteimtdrest was further purified from the
supernatant fraction to avoid contamination frommbeane proteins dE. colipresent in
the pellet fraction. His-tagged protein purificatitrom the supernatant fraction was then
performed using Ni-NTA beads under denaturing cioras. The protein of interest was
eluted using a gradient of imidazole concentratiime two subunits, purified separately,
were refolded together to form a hetero-oligomecitannel by ammonium sulfate
precipitation. The two purified subunits are mixedether in a 1:1 ratio and precipitated
using saturated ammonium sulfate solution. Thetgoluvas incubated overnight at 4°C
and centrifuged at 18,000 x g for 30 min. The ppitated protein pellet was refolded to
native state by incubating at 4°C in 150 mM NaGl,@2M Tris-HCl and 1% Genapol.

2.4 Liposome swelling assays

N. farcinicaporin was reconstituted into liposomes as desciiyeldikaido and Rosenberg [26].
E. colitotal lipid extract was used to form liposomes¥lBextran (MW 40,000) was used to
entrap the liposomes, and their final size was k#dgtaising a Nano-ZS ZEN3600 zetasizer
(Malvern Instruments, Malvern, United Kingdom). @ahliposomes were prepared in the same
manner but without the addition of porin. The caricaions of test solute were adjusted so that

diluents were apparently isotonic with control Bpmes. Stachyose was also tested with
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proteoliposomes to confirm the isotonicity of theultiamellar liposomes. Liposome or
proteoliposome solution (3GL) was diluted into 63@L of an isotonic test/solute solution made
in 10 mM Tris-HCI pH 7.5 buffer in a 1 mL cuvetteadamixed manually. The change in
absorbance at 500 nm was monitored using a CangiV&iV-vis spectrophotometer in the
kinetic measurement mode. The swelling rates vadentas averages from at least five different

sets of experiments, calculated as described p&yif27].

2.5 Solvent freelipid bilayer technique

Reconstitution experiments and noise analysis heeen performed as described in detall
previously. The Montal and Muller technique wasduse form phospholipid bilayer using
DPhPC (Avanti polar lipids) [28]. A Teflon cell cqmsing an aperture of approximately 30-
60 um diameter was placed between the two chandfetise cuvette. The aperture was
prepainted with 1% hexadecane in hexane for staildger formation. 1 M KCI (or 150 mM
KCI), 10 mM HEPES, pH 7.4 was used as the eledeadplution and added to both sides of
the chamber. lon current was detected using stdnslbver-silver chloride electrodes from
WPI (World Precision Instruments) that were plagedeach side of the cuvette. Single
channel measurements were performed by addingrtiteip to thecisside of the chamber
(side connected to the ground electrode). Spontenemannel insertion was typically
obtained while stirring under applied voltage. Afseiccessful single channel reconstitution,
thecis-side of the chamber was carefully perfused to rexramy remaining porins to prevent
further channel insertions. Conductance measureamegate performed using an Axopatch
200B amplifier (Molecular Devices) in the voltagarmap mode. Signals were filtered by an
on board low pass Bessel filter at 10 kHz and vaitsampling frequency set to 50 kHz.
Amplitude, probability, and noise analyses werefqrated using Origin pro 8 (OriginLab)
and Clampfit softwares (Molecular devices). Singt@annel analysis was used to determine
the antibiotics binding kinetics. In a single-chahmeasurement the typical measured
guantities were the duration of closed blocked Ievesidence timet{) and the frequency of
blockage eventsv]. The association rate constakts were derived using the number of
blockage eventk,, = v /[c], where c is the concentration of antibioflhie dissociation rate
constants K,) were determined by averaging thet.lvalues recorded over the entire
concentration range [29]. Similarly, the selecyiviheasurements were performed using two

different salt solutions in the two chambers of thwette. The reverse potential required to
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obtain zero-current was calculated and the ratithefpermeabilities of cation / anion was
calculated using the Goldman-Hodgkin-Katz equafgih31].

. Results and Discussion

3.1 Mutational studieson N. farcinica cell wall channédl

Based on the homology modeling of the porin with khown structure of MspA, we selected
various negatively charged amino acids; locatedtesically at the periplasmic side of the
channel in the two different subunifdfpA and NfpB, and mutated them to neutral amino
acids with a similar length of the side chalrable 1 shows the selected mutations in both
subunits and the corresponding channel conductahdke mutant channels in 1 M KCI
solution. In particular, we performed at maximunotwutations (D141N and D142N) in
NfpAand 4 ones (E123Q, E144Q, D127N, E140Q\ipB, resulting in a total number of at
maximum 24 mutations in the pore-forming oligonféigure 1 shows the expected positions
of the mutations. Some other mutations led to jmetéhat had no channel-forming activity.
This is presumably the result of the loss of charuection caused by the mutation of
residues that were crucial for protein folding aassembly of the oligomerJ éble 1). To
elucidate the effect of charge residues insidepthre on the interaction with antibiotics, we
choose the mutant oligomer with the highest nundberegatively charged residues mutated
to neutral ones and compared the effect of antdsain channel conductance with those on
wild-type (WT) porin.

E123Q
E144Q
D127N
E140Q

D142N
D141N

Figure 1: Homology modeling of hetero-oligomericfakcinica channel based on the template MspA pfsam
M. smegmati§25]. Selected mutations are shown for one NfpA mon@nhez) and one NfpB monomer (red)
resulting in total of 24 mutations in the channairfiing oligomer. Note that the bottom side of thgomner is
exposed to the inner side of the mycolic acid layet the top to the external medium. Reconstitutiamlipid
bilayer membranes occurs exclusively with the pasipic side of the oligomer exposed to the trads-sf the
bilayer.
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Based on homology modeling we created the surfatengial of the porin and compared both
the WT and the mutant channel as shownSupplementary Figure 1. The mutations
rendered its periplasmic side rather neutral coetgdo the WT channel. To study the
interaction of the mutant channel with cationic fdg® we performed single-channel
measurements to determine the approximate locatidnghese mutations. As shown in
Supplementary Figure 1A, we observed that hepta-arginine showed a veoypgtinteraction
with the WT channel resulting in frequent blockagésonic current in multiple steps when
added to the periplasmic sidéraps) of the channel [25]. However, when the same
experiment was performed with the mutant porBigpplementary Figure 1B), we observed
reduced interactions of hepta-arginine with thencigh This reduction was due to the absence
of negatively charged amino acids in the periplasentry of the pore, suggesting that the
mutations were located at the correct positions.

Table 1: Mutations performed in both the NfpA arfigBNsubunits of N. farcinica porin. Table shows the
conductance at 1 M KCI, 20 mM HEPES pH 7.5 oncerthtants have been refolded.

Mutations inNfpA Mutations inNfpB Average Conductance (nS)
n=10

Wild-type (WT) E123Q, E144Q, D127N, E140(Q 3.1+0.2

D141N, D142N E123Q, D127N 2.8+0.3

D141N, D142N E123Q, E144Q, D127N, E140Q 27+0.3
(selected for further studies)

D141N, D142N E123Q, E144Q, D127R, E140Q) 22+0.1

E101K, D141N, E123Q, E144Q, D127N, E140Q No channel-forming #@gtiv

D142N, D181R observed

3.2 lon selectivity measur ements

lon selectivity measurements of both the WT andamiupore were performed using different
concentration of monovalent KCI salt solutions asthbsides of DphPC membranes. As
expected, the channel was highly cation selective t the large number of negatively
charged residues inside the channel as showiaimle 2. As shown previously, the cation

selectivity of the channel is not caused due tariqular binding site inside the channel but
by the presence of point negative charges insigelimen of the channel [18,32]. This
changes the cation selectivity of the channel usliffgrent concentrations of the electrolyte
solution on both sides of the membrane. At high @ahcentration (1 M KCI/150 mM KCI),

caused by electrostatic effects, the cation seigctf the channel (pKpCl = 3.8) was lower
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compared to the selectivity (7.8) at lower saltaariration on both sides of the membranes
(500 mM KCI/ 75 mM KCI). Similarly, the ion selegily of the mutant pore was lower
compared to WT pore in both salt concentrationskingait slightly less cation selective
because many negatively charged groups becamehkeutmutation.

Table 2: lon selectivity of WT and mutant N. faicinchannels using different KCI concentration geards on
both sides of the DphPC membranes.

N. farcinica Concentration Gradient | Reverse Potential on the Pc/Pa
[cis/trang more dilute side [mV] (n=3)
Wild-type (WT) 1 M KCI/150 mM KCI 23+1 3.8+0.2
500 mM KCI/ 75 mM KCI 33+1 7.8+0.3
Mutant 1 M KCI/150 mM KCI 21+1 3.2+0.2
NfpA(D141N , D142N)
NfpB (E123Q, E144Q, | 500 mM KCI/ 75 mM KClI 27 +1 48+0.2
D127N, E140Q)

3.3 Functional assays with liposomes

The channel functionality dfifpANfpB WT and mutant oligomers was further confirmed by
reconstituting them in liposomes and measuringrtpermeability for small hydrophilic
molecules such as sugars and amino acids. Theofatiéfusion of sugars and amino acids
was calculated by measuring the change in optieasitly of proteoliposomes in the presence
of an isotonic concentration of sugars/amino ag¢RB. Permeation rates were obtained
within the same batch allowing us to normalize diftusion rates with respect to arabinose
[26]. We found that the exclusion limit of the chahwas slightly higher than that observed
in the case of Gram-negative porins, as showrFigure 2 by the considerably higher
diffusion rate of large molecules, such as raffe\¢®6]. This suggested a larger exclusion
limit of the channel which may be due to the largere size of the channel. Importantly,
these results were coherent with previous reswltspbrin from M. chelonaewhich has
similar properties as thi. farcinicachannel [14]. The highest diffusion rates wereaot&d

for the two amino acids glycine and L-serine; tere approximately 80% higher than that
observed for arabinose. The diffusion rates of otwgars including maltose, sucrose and
glucose were approximately 20% lower than arabinbg®some swelling assays performed
on N. farcinica channel indicated passive diffusion of differenigars and amino acids
through the channel with the rate of permeatiorpproonal to the size of the substrate. The
diffusion rate was found to decrease with the iasee of molecular mass of solutes as
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reported previously [14, 26]. There was no sigafficdifference in diffusion rates of sugar
and amino acids between the WT and mutant profdirs. was expected since all the sugars
or amino acids tested were neutral or zwitteriofigrthermore, we also performed single
channel electrophysiology experiment on sugar paristhrough theN. farcinica channel.

However, it seemed that the sugar molecules dibaglily not bind inside the channel. They
diffused through the channel which means that osirimental set-up could not resolve any

interaction between sugars and channel in tern@nodurrent fluctuations.
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Figure 2: Liposome swelling assay performed fohbdfT and mutant N. farcinica porins reveal the dfaéle

diffusion rate of different sugars and amino adidsed on their sizes. Note that the differencéhefrélative
rate of diffusion between the WT channel and iteantuwas within the SD of the experimental error.

3.4 Inter action between antibiotics and the N.farcinica channel

One of the main focuses in this study was to ingatt the interaction of clinically relevant
antibiotics with theN. farcinicachannel. Identifying the antibiotic affinity sigad its position
inside the channel helps to understand the ratirigninteraction and sheds light on the
pathway of the antibiotic through the channel [3}-Based on the selectivity of the.
farcinica channel and the presence of negatively chargeduessin the channel’s mouth, it
has been postulated that positively charged atitthioay utilize this channel as the pathway
for permeation [18]. Using this assumption, we el@ two positively charged
aminoglycosides for our study, kanamycin and amikac
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The N. farcinicachannel has a strong asymmetry of the channeatgatich that it is highly
stable at negative voltages but gates significaatlypositive voltages as low as +30 mV
(protein addition to thesis/ground side) [25]. Thus the majority of the expents were
performed at negative voltages at the trans-sidtéhd absence of antibiotics, no fluctuation in
the ion current was detected here and in a prevstudy [18, 25]. This changed completely
when amikacin and kanamycin were added in pM cdragon to the cis-side of the
membranes. lon current fluctuations observed fah laonikacin and kanamycin at 150 mM
KCI solution are shown ifrigure 3A and 4A, respectively. Addition of antibiotics to thoes
(ground) side of the channel induced ion currentkd, suggesting possible antibiotic-porin
interaction. In contrast to this, we did not obsgerat applied positive voltages any
interactions, which might be caused by the positiokage repelling the positively charged
antibiotic molecules from the channel. As a contvel reversed the experiment with respect
to voltage. Addition of the antibiotics to th@ns side under negative voltages, caused also no

ion current fluctuations.

The most prominent interactions were observedssaddition and applied negative voltages
with a lowered salt solution from 1 M KCI to 150 mMICIl. This suggested that the
interaction between the antibiotic and porin hadsteong charge-charge interaction
component. Similarly, previous experiments thatehbgen performed on peptides and DNA
molecules have also reported this enhanced intemactupon lowering of the salt

concentration [36,37].

Amikacin is an aminoglycoside with a net positiveuge of 4 at pH 7.4 [38]. Increasing the
concentration of amikacin showed increased intemactvith both the WT and mutant
channels. However, addition of amikacin to the mugore with <24 negative amino acid
residues showed significantly less interaction tt@a WT channel, as depicted by the ion
current trace irFigure 3D. The current amplitude histogram shownFigure 3B and 3E
provides the decreased current counts of the cletdd (blocked state) in the mutant pore
compared to those of WT. The scatter plot of amgét (y-axis) and dwell time (x-axis),
Figure 3C and 3F, represents the antibiotic-channel interactiortge flesidence (dwell) time

of antibiotic interaction with the porin rangedindLO0 us - 800 us with an average residence
time of 200 us for the WT channel. In the casehefmutant channel, the average residence
time decreased to something like 100 ps close ® ttme resolution limit of our

instrumentation.
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Figure 3: Interaction of amikacin (chemical strumuop right) with WT and mutant N. farcinica chahn(A)

20 pM amikacin was added to the cis side of thedh@innel at an applied voltage of -150 mV. (B) Event
histogram of amikacin with the WT channel. (C) Auge-dwell time scatter plot of amikacin evenithvithe
WT channel. (D) 20 pM amikacin was added to theside of the mutant channel at an applied voltael 50
mV. (E) Event histogram of amikacin with the mutdrannel. (F) Amplitude-dwell time scatter plo&afikacin
events with the mutant channel. Experimental camitwere 150 mM KCI, 10 mM HEPES, pH 7.4.

Similarly, kanamycin is also an aminoglycoside wé#hnet positive charge of 4 and as
expected, kanamycin also showed interaction withpbre. Nevertheless, the interaction of
kanamycin was significantly different to that obhasat for amikacin Eigure 3A and 4A).
Kanamycin exhibited lower frequency of events coragato amikacin. In addition, the
interaction of kanamycin with the pore was not amf as depicted in the plots Figure 4B
and 4E. From Figure 4C, we observed that the dwell times of the kanamyeiaraction
ranged from 100 ps to 80 ms. This suggested tha&rkgcin may have more than one
binding site within the channel surface. Likewiseamikacin, the number of events and the
residence time of kanamycin interaction decreasdt@ mutant pore as shownkigure 4D
and 4F.
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Figure 4: Interaction of kanamycin (chemical st top right) with WT and mutant N. farcinica cinah (A)
100 uM kanamycin was added to the cis side of tieciannel at an applied voltage of -150 mV. (B)riEve
histogram of kanamycin with the WT channel. (C) Koge-dwell time scatter plot of kanamycin evenith
the WT channel. (D) 100 uM kanamycin was addebtdais side of the mutant channel at an appliethgel of
-150 mV. (E) Event histogram of kanamycin withrthegant channel. (F) Amplitude-dwell time scatteot pif
kanamycin events with the mutant channel. Expetiahennditions were 150 mM KCI, 10 mM HEPES, pH 7.4

Previous reports on antibiotic translocations thgloyporins of Gram-negative bacteria
highlight that charged residues within a pore iaflce the interaction between the antibiotics
and pore and hence the rate of translocation [39-Mdtation of amino acid D113N dE.
coli OmpF loop 3 shows an increased rate of permeafiampicillin [41]. Similarly, a single
mutation in the loop 3 region (glycine to aspaitateEnterobacter aerogeng8mp36 porin
exhibits a reduced pore conductance and decreasgldalosporin permeation [45]. To
elucidate the importance of charge and the presehdfinity site inside the porin, we
performed an antibiotic titration experiments wihfarcinicamutant pore, where 24 amino-
acids were neutralized. In such an experimgipplementary Table 2) we observed that
both the on rate as well as the residence timenifacin and kanamycin was reduced for the

mutated pore, emphasizing the importance of affisiies inside the channel.

In our experiment, both the positively charged l@atics belong to the antibiotic class of
aminoglycoside. Amikacin and kanamycin both posgepssitive charges at pH 7.4 and the
structures of the antibiotics share a similar sddff However, we observed a very sharp
difference in the binding kinetics of these twoiliotics with the pore. Amikacin had a
significantly higher on rate as compared to kanamyBupplementary Table 2). In vivo
Minimum Inhibitory Concentration (MIC) assay of fdifent antibiotics performed witN.
farcinica showed amikacin to be an effective drug compasddcahamycin [46,47]. Could the
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higher on-rate of amikacin compared to kanamycinthee reason for such difference in
effectiveness? However, the presented results ahre#l blocking cannot be converted
directly into translocation, since binding does abtays imply translocation. For uncharged
solutes, liposome swelling assays can be perforimetistinguish if the molecule is indeed
permeating through the channel, which is not fdasimth charged molecules. For charged
molecules, as in our case; we performed a voltagemdent analysis of kinetic off-rate to
distinguish binding from translocation as previgustported to distinguish binding from

translocation for short peptides [25,48].

5 yM Amikacin added to cis side, Mocardia farcinica wild-type pore
(A) -200 mV

-100 mV

10 ms trace
50 ms trace Open state

Closed state

100 pM Kanamycin added to cis side, Nocardia farcinica wild-type pore
(B)

=200 mV

50 pA|
ms

Figure 5: Distinguishing binding from translocatioWoltage scan of ion current fluctuation of antibcs
through the N. farcinica channel. (A) Increasing tipplication of external voltage with additionashikacin to
the cis side of the channel. At higher voltages, rissidence time of the channel decreased to thi¢ dif the
instrument and could not be resolved. (B) Incregsihe application of external voltage with additio
kanamycin to the cis side of the channel. Withéasing voltage, the binding of kanamycin with tharmmel
increases. Experimental conditions were 150 mM KGCImM HEPES, pH 7.4.

Increasing voltages tended to increase the resedéinte of the kanamycin, whereas the
residence time of amikacin decreased as shownerfiture 5. As mentioned earlier, the
average residence time of amikacin was 200us @m¥5 An increase of the external voltage
up to -200 mV resulted in an overall decrease efctannel conductance instead of observing
single ion fluctuation events. This may be due ignificantly fast permeation events.
However, in the case of kanamycin, increasing thitage increased the residence time of the
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antibiotic. At high voltages (> 200 mV), we obseatvan apparent strong binding which
suggested that the molecule is held inside the jposach a way that the pore remained in its
closed state (figure not shown). The above mentiaieservation suggested that amikacin is
permeating through the channel; whereas kanamycimot able to penetrate the channel,
supporting the susceptibility ofN. farcinica for amikacin over kanamycin. The
impermeability of kanamycin through the homologMspA porin using MIC assays has also
been reported earlier, which correlated with osutes [20,49].

Apart from the positively charged antibiotics, wiscainvestigated various chemically and
structurally/clinically relevant antibiotics such;dluoroquinolones, penicillins, carbapenems
and sulfonamides [46,47,50]. Most of these antibsoaire either zwitterionic or negatively
charged and thus no interaction was observed Wwétighly negatively charged amino acids
inside the pore lumen of thd. farcinica porin. Surprisingly, addition of the carbapenem
antibiotic ertapenem showed ion current fluctuatioith the singleN. farcinica channel
(Figure 6A). Ertapenem, which is a negatively charged arihiecs prone to repulsive forces
from the negatively charged interior of the chanii@is implies the interaction observed with
the antibiotic and the pore could be due to noteionteractions. To confirm the role of
electrostatic interaction between antibiotic andepave performed our experiments in both 1
M and 150 mM KCI solution and found that the intti@n was similari(e. residence time of
ertapenem inside the pore was ~ 26 in both cases, supporting the assumption of non-
ionic interaction Supplementary Figure 2). By looking at the structure of ertapenem, we
noted that it consists of multiple aromatic ringgiich, as we hypothesize, may interact with

the hydrophobic amino acids inside the pore lumen.
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(A) Wild-type Nocardia farcinica porin, 5 mM Ertapenem added to trans side, 1 M KCI, -100 mV
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Figure 6: Interaction of ertapenem (chemical strrettop right) with WT and mutant N. farcinica cinah lon

current trace obtained when ertapenem was addededrans side of the channel at an applied voltafjel00

mV for (A) WT porin and (B) mutant porin. (C) Numlé event plotted against concentration of ertagran
added to both WT and mutant porin in both extradetl (cis) and periplasmic (trans) side of the cheh

Experimental conditions were 1 M KCI, 10 mM HEPRS,7.4.

lon current blockages were observed for both the @@l mutant porins in presence of
ertapenem and an increased number of events weservalll with increased ertapenem
concentration as shown Kigure 6C. The event frequency of ertapenem was similaroith b
WT and mutant when the antibiotic was added to dise(extracellular) side, however a
significant difference was observed for the eveatdiency when the antibiotic was added to
the trans (periplasmic) side as shown kigure 6A and 6B. The mutant pore exhibited a
higher number of ertapenem interactions in compari® WT pore. During the entry of
ertapenem into the channel from the periplasmie,stdaces strong repulsive forces from the
surrounding negatively charged amino acids. In restt when the negatively charged
residues in the periplasmic space were neutralitezl lower repulsive forces in this case
seemed to enhance the on-rate of ertapenem witlchthenel. Previous reports on MspA
porin fromM. smegmatishat has point negative charges in the mouth @ttiannel reported
a 10- fold lower permeability of mono-anionic bétatams compared to zwitterionic
cephaloridine [51]. The presence of negatively gedrresidue in the mouth of the channel
affected the permeation of negatively charged nudégcwhich correlates well with our

observations.
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4. Conclusion

Mycolata have evolved a complex cell wall, commgsipeptidoglycan - arabinogalactan
polymer covalently bound to mycolic acids of comsable size (up to 90 carbon atoms), a
variety of extractable lipids, and pore-forming f@ias [11,52,53]. Since the role of the outer-
membrane is indispensable in the mycobacteriabtaaste to antibiotics, it is tempting to
reconstitute the porins in a mycolic acid contagnibilayer to retain its physiological
environment. Reconstitution of MspA froi. smegmatisn mycolic acid membrane has
been studied before, [54] however, our effort tarf@nd reconstitute thg. farcinicaporin in
the mycolic acid containing membrane was unsucaksbfonetheless, we were able to
successfully reconstitute the protein in phosphdliplayers and liposomes to perform single

channel measurements and liposome swelling assays.

Current investigation represents one of the firstadled studies on solute and antibiotic
permeation through porin from bacterium belongiogntycolata. We have confirmed the
channel functionality oN. farcinicaporin using liposome swelling assays and permeatifo
nutrient molecules including different sized sugansl amino acids. In addition to different
solutes, the interaction of clinically relevant ibmdtics such as amikacin, kanamycin and
ertapenem was also studied at the single moleeutd.|Well defined ion current fluctuations
were observed in the presence of these antibithaisinteract with the pore. We were also
able to distinguish between translocation and bigdior amikacin and kanamycin using
voltage dependent analysis. Our results indicatetl kanamycin was unable to translocate
while amikacin was able to translocate throughdh@nnel. This observation correlated very
well with thein vivo MIC assays performed, which specified amikacirbéomore potent
againstN. farcinicathan kanamycin [46]. Furthermore, we elucidated dffect of various
charged amino acids present inside the channéh@pérmeation of charged antibiotics and

uncharged/zwitterionic molecules.
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Supplementary Table 1. Primers used in this study to generate mutants,
pARAJS2 nfpAnfpB was used as template. (The bases to be mutatddginieghted in red
with small letters)

Primers Sequence 5' = 3'
FP nfpA D141N D142N GC CAG GTC AGCATC GGT aACaACGCCATCTCG GCC GGCC
RP nfpA D141N D142N G GCC GGC CGA GAT GGC GTtGTtACC GAT GCT GACCTG GC
FP nfpB E123Q D127N G GGC GGC GTG cAAGGC TCG GCCaAtTGG AGCGGT GAC

FP nfpB E140Q and E144Q GGC GTG GGCGCC cAGTCC GGC GGCcAGCTGACGCTCGG

RP nfpB A GCC GAG GCT GAA CGG CTG GCC CCACAG GG
FP pARAJS2 GCA CGGCGTCACACTTIG C
RP pARAJS2 GACCCGTIT AGA CCG CCC

Supplementary Table 2: Amikacin and kanamycin binding kinetics were meaad at 150
mM KCI, pH 7.4 at an application of -150 mV voltagértapenem binding kinetics was
measured at 1 M KCI, pH 7.4 at -100 mV.

Wildtype porin Mutant porin
Kon™ Ko™ Kofe Kon™ Ko ™ Kosr
[M-1s1 *109] [M1st *10%] | [s1*10°%] | [M1s *104) | [MTst *10%] | [s *10%]
Amikacin 2300 + 200 NA 5+1 750 + 50 NA 10+1
Kanamycin 27.5%2 NA NA 172 NA NA
Ertapenem 10.1+1 24105 551 101 12+1 551

*NA= Not Applicable
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) 100 nM hepta-arginine added to trans side, wild-type Mocardia farcinica porin, 1 M KCI, 100 mV

100 nM hepta-arginine added to trans side, mutant Nocardia farcinica porin, 1 M KCI, 100 mV
(B)

100 pnl

25 ms

Supplementary Figure 1: Functional activity of the hepta-arginine witretfA) WT and (B)
mutant N. farcinica channel. The structures on the right panel showelketro-potential

surface of both the channels visualized from thrgfasmic (rans) side.
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Wild-type Nocardia farcinica porin, 1 mM Ertapenem added to cis side, 150 mM KCl, -100 mV

Tr=210us

o
0.0 0.5 1.0 1.5 20
Bin width fms]
25 pA in width fms]

10 ms

Supplementary Figure 2: Elucidating the electrostatic interaction of pgaem with theN.
farcinica cell wall channel. lon current fluctuation weresebved at 150 mM KCI, 10 mM
MES, pH 7.4.
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Chapter 3

M odulation of antibiotic per meation

across OmpF channel in presence of

M agnesium
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Translocation of hydrophilic antibiotics throughettouter-membrane dt. coli has been
studied extensively. Interaction of differeptlactams, carbapenems and fluoroquinolones
with the residues inside the OmpF and OmpC charraele shown the importance of affinity
sites present inside the pore lumen. However, rabshe experiments performed for such
interactions have been done in a monovalent KCl salution. Physiological buffers
constitutes of many different ions such as calcioragnesium, iron, and phosphates, which
can also interact with the amino acids residuesglénthe channel. In this chapter, we provide
a simple experiment performed with an additionagn&sium ion in the buffer solution and

show the change in the interaction of antibiotics.

76



Chapter 3.1

Reprinted with permission from American Chemical Society

Singh, P. R., Ceccarelli, M., Lovelle, M., Wintdteg M., &
Mahendran, K. R. (2012). Antibiotic permeation agthe OmpF
channel: modulation of the affinity site in the eace of magnesium.
The Journal of Physical Chemistry. B, 116(15), 4483
doi:10.1021/jp2123136

Copyright © 2012, American Chemical Society
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ABSTRACT: We characterize the rate-limiting interaction of the antibiotic
enrofloxacin with OmpF, a channel from the outer cell wall of Escherichia coli.
Reconstitution of a single OmpF trimer into planar lipid membranes allows

measurement of the ion current through the channel. Penetration of antibiotics causes N L /

ion current blockages, and their frequency allows a conclusion on the kinetics of “ { <3 A 2P WE 0

channel entry and exit. In contrast to other antibiotics, enrofloxacin is able to block the {_J %y ‘E

OmpF channel for several milliseconds, reflecting high affinities comparable to T8N ?:

substrate-specific channels such as the maltodextrin-specific maltoporin. Surprisingly, ( )‘\,k/ L O P e%
T T

the presence of a divalent ion such as Mg** leads to fast flickering with an increase in

the rates of association and dissociation. All-atom computer modeling provides the

most probable pathway able to identify the relevant rate-limiting interaction during antibiotic permeation. Mg** has a high affinity
for the aspartic acid at the 113 position (D113) in the center of the OmpF intracellular binding site. Therefore, the presence of Mg**
reverses the charge and enrofloxacin may cross the constriction region in its favorable orientation with the carboxylic group first.

B INTRODUCTION

Gram-negative bacteria account for half of the life-threatening
infections in clinics today, and in particular, increasing
antibiotic resistance is an emerging problem. The first line of
defense against antibiotics is the outer cell wall. Water-soluble
antibiotics cross this barrier through membrane channels called
porins. For example, f-lactams and quinolones have been
commonly used for the treatment of bacterial infections.'™
P-Lactams act on the peptidoglycan layer that is located between
the outer and inner bacterial membranes, whereas quinolones
target the DNA—topoisomerase complex in bacteria.'™ To
cross the outer membrane, the f-lactams and quinolones must
pass through porins located in the outer membrane. In
Escherichia coli two porins—OmpF and OmpC—are consid-
ered as a major pathway for antibiotic translocation.*> Both
OmpF and OmpC channels are homotrimers, and in each
monomer 16 f-strands span the outer membrane to form a
barrel.®” Downregulation of these porins as well as point
mutations can lead to reduced accumulation of quinolones
(and other agents) within the cell>™* OmpF facilitates the
diffusion of fluorinated quinolones such as norfloxacin and the
cephalosporins such as cefoxitin into the periplasm, with
marked reductions in accumulation of these agents in the
OmpF-deficient bacterial strains.*” Therefore, quantifying the
barrier for influx through porins might contribute to the
complex question of multiple-drug resistance.

Recently we applied ion current fluctuation analysis on a
single-channel level to gain insight into the interaction of

-4 ACS Publications  © 2012 American Chemical Society

solutes with the channel interior.'°”'? Permeation of molecules

inside the channel causes fluctuations in the ion current,
reflecting the particular interactions with the channel wall. The
analysis of the ion current fluctuation allows permeation rates
to be obtained as previously shown for sugars and anti-
biotics.'"™"* As previously discussed, this approach has a
number of limitations."? First, ion current fluctuations can only
be used as a signal for binding under the condition that the ion
current occlusion during binding is strong enough to be
recorded. However, binding does not imply translocation.
Moreover, the time resolution is limited, and events faster than
0.1 ms will not be detected."® In the case of charged molecules,
the external field is an additional driving force; increasing the
force should lead to faster translocation. In particular, for
peptides, the residence time as a function of applied voltage can
be used as a probe for true translocation.'* However, in the case
of zwitterionic substances, a further method to evaluate
translocation is needed."”’ For example, molecular modeling
provides details on the interaction of the molecules with the
channel surface and reveals the preferred orientation of the
antibiotic along its pathway.'"'®

Here, we investigate the interaction of the fluoroquinolone
enrofloxacin with OmpF. In particular, we study the effect of
applied transmembrane voltage and the presence of divalent ions,
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in particular magnesium chloride, on antibiotic interaction.
The hydrophobicity of enrofloxacin is very high, and its struc-
ture is shown in the inset in Figure 1. To allow a molecular

100 mV

Figure 1. Ion current through a single OmpF trimeric channel in the
presence of 1 mM enrofloxacin (cis side) at —100 and +100 mV. Ion
current blockage events strongly depend on the polarity of the applied
voltage. Reagents and conditions: 150 mM KCl, S mM MES, pH 6.
The neutral structure of enrofloxacin is shown in the inset.

interpretation of the conductance measurements, we comple-
ment our study with all-atom molecular dynamics simulation.
This allows identification of the antibiotic affinity sites in the
channel and associated rate-limiting interactions.

B EXPERIMENTAL SECTION

The following chemical reagents were used in this study:
NaCl, KCl, MgCl,, MES, n-pentane, and hexadecane (Sigma),
enrofloxacin (Fluka), n-octylpoly(oxyethylene) (octyl-POE)
(Bachem, Bubendorf, Switzerland), and 1,2-diphytanoyl-sn-
glycero-3-phosphatidylcholine (DPhPC) (Avanti Polar Lipids,
Alabaster, AL). Doubly distilled and deionized water was used
to prepare all solutions.

Single-Channel Conductance Measurements. Virtually
solvent-free planar lipid membranes were formed using
diphytanoylphosphatidylcholine (DPhPC) (Avanti Polar
Lipids, Alabaster, AL) according to the Montal—Mueller
technique."> The measurements were carried out with standard
buffer containing 150 mM KCI and 5 mM MES, pH 6.0, that
serves as an electrolyte. Complementary experiments contained
in addition 5 mM MgCl,. A Teflon cell with an approximately
50—100 um diameter aperture in the 25 pm thick Teflon
partition was used together with standard silver—silver chloride
electrodes from WPI (World Precision Instruments). Small
amounts of OmpF porin from a diluted stock solution of 1 mg/mL
were added to the cis side of the chamber (side connected to
the ground electrode). Spontaneous channel insertion was
usually obtained with stirring under an applied voltage.
Conductance measurements were performed using an
Axopatch 200B amplifier (Axon Instruments) in the voltage
clamp mode. Signals were filtered by an on-board low-pass
Bessel filter at 10 kHz and recorded onto a computer hard drive
with a sampling frequency of 50 kHz. Amplitude, probability,
and noise analyses were performed using Origin (Microcal
Software Inc.) and Clampfit (Axon Instruments) software. The
enrofloxacin stock solution for conductance measurements was
made at a final concentration of 2.0 mM in 150 mM KCl,
S mM MgCl,, and S mM MES (pH 6.0). Enrofloxacin was added

4434

79

to the cis and trans sides of the chamber to investigate their
permeation rates through the porin channels. Kinetic
parameters of the enrofloxacin binding for the asymmetric
and symmetric drug addition were calculated by single-channel
analysis. The association rate constant k,, gives the permeation
of the antibiotic molecule from the cis or trans side to the
affinity site in the channel. The dissociation rate constant kg
gives the rate at which antibiotic molecules were released from
the channel affinity site to the cis or trans aqueous phase. The
equilibrium binding constant K (ratio of k,, to k.g) defines the
affinity of the drug for the porin molecule.'*™"?

Molecular Dynamics Simulations. The starting structure
for the OmpF channel was prepared as shown previously.'s We
used one monomer of the crystal structure (PDB code 20MF)
that was resolved at a resolution of 2.4 A. We embedded the
system in a hydrophobic environment of detergent molecules
(lauryldimethylamine oxide, LDAO) and solvated the system
with ~8000 water molecules; we used the Amber potential and
TIP3P for water. The force field for the enrofloxacin antibiotic
was derived following the Amber force field rules with charges
obtained from the Gaussian program (6-31G** basis set) on
the optimized geometry of the molecule. We performed MD sim-
ulations with the Orac”” program: we simulated a periodic box in
the NVT ensemble using the Nose thermostat (300 K), a 10 A
cutoff, and soft particle mesh Ewald (SPME) (fifth order, grid less
than 1 A in size) for electrostatic interactions and the multiple-
time-step algorithm (time steps of 0.5, 1.0, 2.0, 4.0, and 12 fs).

Using the metadynamics algorithm, we employed MD
simulations to reveal the translocation mechanism of
enrofloxacin through the OmpF channel.'® The metadynamics
algorithm allows the reconstruction of the free energy in the
subspace of the collective variables by integrating the history-
dependent terms. Molecular dynamics simulations of the
enrofloxacin—OmpF complex started with the antibiotic
added on the extracellular side at 10 A from the constriction
region, as discussed previously.'® We added a magnesium ion
near the constriction region, substituting for a potassium ion
there, and to maintain the box neutral, we eliminated an
additional potassium ion. For the magnesium ion, we used the
standard Amber parameters'’ derived from free energy per-
turbation simulations (R* = 0.7926 A, £ = 0.8947 kcal/mol).
Recently new parameters were obtained by fitting the osmotic
pressure,”® and the main problem was representating ions as a
uniformly charged sphere. We allowed the system to equilibrate
from 100 to 300 K for 1.5 ns before starting the metadynamics
simulations. As shown previously,'® we used two collective
variables: (1) the angle 6, the orientation of the enrofloxacin
long axis (almost parallel to the dipole moment) with respect to
the z axis of OmpF, and (2) the distance Z, the projection
along the z axis of the position of the center of mass of
enrofloxacin with respect to the center of mass of OmpF. We
added with a frequency of 4 ps a bias to force the system to
sample more efficiently the subspace of the two collective
variables, a repulsive Gaussian potential of 1.0 kJ/mol height
and 5.0° and 0.4 A width, respectively, for the two variables.
The choice of these parameters allows an equilibration of the
other degree of freedom and the reconstruction of the free
energy with an error not exceeding 2 kcal/mol.'® We used a
single metadynamics trajectory allowing enrofloxacin to go
from the extracellular space to the periplasmic space to identify
the free energy minima in the space of the two collective
variables, the angle @ and distance Z. Additional standard MD
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simulations were performed with enrofloxacin in the different
minima to analyze its specific interactions.

B RESULTS AND DISCUSSION

lon Current Blockage To Reveal On and Off Rates. To
quantify the kinetics of enrofloxacin interaction, we recon-
stituted a single OmpF trimer in artificial planar lipid
membranes. Studying OmpF channels at different voltages
reveals a slight asymmetry with respect to ion conductance. For
example, if the porin is added to the cis side of the chamber, the
single-channel conductance is slightly higher (G = 1.0 nS) at
positive voltage compared to negative voltage (G = 0.9 nS). As
we obtain a strong correlation of this asymmetry with the side
of protein addition, we use this feature as a test for the direction
of the channel insertion.">'® Addition of enrofloxacin to the
system caused transient blockage of the ionic current through a
single trimeric OmpF channel in a voltage-dependent manner.
Figure 1 shows that penetrating enrofloxacin interacts with the
OmpF channel, resulting in channel blockages. At low drug
concentration, enrofloxacin interacts with the OmpF channel,
resulting in monomer blocking, and at increasing concentration,
dimer and trimer blocking is visible.'®

The number of blockage events and average residence time
were calculated by ion current fluctuation analysis. Figure 2
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Figure 2. (a) The number of events is linear with the concentration of
the enrofloxacin used and depends on the applied voltage. (B) The
average residence time does not depend on the concentration of drug
but the applied voltage.

summarizes the number of events and residence times of
penetrating enrofloxacin under various concentrations and
applied voltages. Surprisingly, Figure 2 shows high asymmetry
in the residence time and blocking events with respect to the
polarity of the applied transmembrane potential. At negative
voltages, blockages are 10 times more frequent than at positive
voltages irrespective of the concentration of the antibiotic used
(Figure 2A). Single-channel analysis revealed an exceptionally
long residence time for enrofloxacin in the OmpF channel
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The average residence time of enrofloxacin strongly depends on
the applied voltage but not on the concentration of antibiotic
used (Figure 2B). The average residence time was calculated to
be 3.5 + 0.5 ms at —100 mV and 1 + 0.3 ms at +100 mV. Such
a long residence time is a result of strong interaction between
the penetrating antibiotic and the binding site in the porin and
is approximately 1 order of magnitude higher than those for
various f-lactams.'®'"'® Previously, it has been shown that
wild-type OmpF has two symmetric binding sites for
enrofloxacin located at each channel entry separated by a
large energy barrier in the center and the ion current blockages
are caused by enrofloxacin molecules occupying either one of
these peripheral binding sites.'® However, this longer residence
time of enrofloxacin does not imply an effective trans-
location.'®'® The affinity constant of enrofloxacin in the case
of OmpF is comparable to the specific affinity of
maltooligosaccharides to maltoporin.'> The ability of enro-
floxacin to specifically block the ion currents through the
OmpF channel for a longer time can be used to identify this
channel.

In a second series of measurements, we investigate the effect
of magnesium ion on the interaction of enrofloxacin with
OmpF. Surprisingly, addition of magnesium causes a dramatic
change in the enrofloxacin binding kinetics. Figure 3 shows the

A)

— — —openstate

B)

W o

L

25 ms

20 pA

Figure 3. Enrofloxacin (100 yM) induced ionic current fluctuations
through a single OmpF channel in the (A) absence and (B) presence
of magnesium chloride. Reagents and conditions: 150 mM KCl, S mM
MgCl,, S mM MES, pH 6, 100 mV.

ion current blockage events of enrofloxacin through a single
trimeric OmpF channel in the presence and absence of
magnesium chloride. In the presence of magnesium, enro-
floxacin (cis side addition) blocks the ion current through the
OmpF channel with fast flickering events. The effect observed
in the presence of MgCl, strongly depends on the polarity of
the applied voltage and the side of drug addition. The number
of enrofloxacin blocking events increased and the average
residence time decreased at positive voltages but not at negative
voltages. The effect of interaction is stronger if enrofloxacin is
added to the trans side of the chamber. The strong blocking at
trans side addition does not allow individual blocking events to
be distinguished but causes rather a reduction in the ion
conductance. To resolve individual blocking events, we lowered
the concentration of enrofloxacin to 5 M. As shown in
Supplementary Figure 1 (Supporting Information), we
observed clear monomer blockage events. The average
residence time of enrofloxacin in the OmpF was calculated to
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be 1.2 + 0.3 ms in the absence of magnesium ions and 100 us
in the presence of magnesium chloride at 100 mV (Figure 4).
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Figure 4. Average residence time of enrofloxacin through the OmpF
channel in the absence and presence of magnesium chloride at
different antibiotic concentrations. Reagents and conditions: 150 mM
KCl, S mM MgCl,, S mM MES, pH 6, 100 mV.

Kinetic constants and on and off rates of enrofloxacin binding
to the OmpF channel in the absence and presence of
magnesium chloride are presented in Table 1.

Free Energy Profiles and Rate-Limiting Interactions.
The crystal structure of the OmpF channel in the presence of
1 M MgCl, shows that the Mg** cation was bound between
residues D113 and E117.*° Although the conditions used
there are not specific to investigation of the binding of ions,
previous theoretical and experimental investigations con-
firmed a specificity of this region to interact with divalent
cations.””*® In our simulation, the Mg2+ interacts directly
with two oxygens of the protein and with four water
molecules. We reconstructed the free energy surface using
our reactive metadynamics path with enrofloxacin that moves
from the extracellular to the periplasmic space (Figure SA).
We identified two minima, the first in the extracellular side, at
position (0 = 160°, Z = +7 A), and the second near the
constriction region and shifted more toward the periplasmic
space, at position (0 = 130°, Z = —4 A). The latter is
not present in the simulation without magnesium ion'®
(Figure SB), where we identified a minimum with a different
orientation (6 = 50°, Z = —4 A). From the reconstructed free
energy surface, we evaluated the effective barrier to
translocate from the extracellular to the periplasmic space
at 10 kcal/mol, to be compared to 1S5 kcal/mol without
magnesium (Figure S C,D). In Figure 6, we report a snapshot
of enrofloxacin in the new central minimum. We calculated
the area accessible to the solvent when enrofloxacin
occupies this affinity site, and it has a value of 6.2 A% while
the minimum dimension of the pore is on average 26.3 A?,

only 23% availability of the total space, which explains the
current blockages observed experimentally. The enrofloxacin
transverses the constriction region with the carboxylic group
pointing down, and the same orientation is kept in the central
affinity site with the hydrophobic group, which carries the
positive charge, close to the L3 loop (Figure 6). It is important
to note that in our simulation there is no external electric field
biasing the orientation of enrofloxacin during translocation.
Interestingly, in our simulation, the Mg2+ ion, positioned near
the L3 loop, is able to screen completely the carboxylic group
of residue D113, producing local charge inversion.

We show that, in the presence of magnesium chloride,
enrofloxacin has completely different binding kinetics for
the OmpF channel. The antibiotic blocks the channel with
more frequent binding events and a shorter residence time
of 100 ps, which indicates that the rates for association (k,,)
and dissociation (k.g) drastically increase in the presence of
magnesium chloride. MD simulations show that enroflox-
acin now can traverse the constriction region with the
carboxylic group pointing down, while without magnesium
this orientation is inhibited by the strong repulsion with the
aspartic acid at the 113 position (D113). The position of the
magnesium ion allows the complete screening of D113 and
increases the probability of antibiotic reaching the central
affinity site starting from the cis side. The antibiotic crosses
the constriction region and further translocates through the
channel. Interestingly, the enrofloxacin binding kinetics in
the presence of magnesium strongly depends on the polarity
of the applied voltage. The increase in k,, and ks was
observed only at positive voltages (Table 1). The positive
voltages promote the orientation of enrofloxacin with the
carboxylic group pointing down. This is also the position
assumed by enrofloxacin at the central affinity site; see
Figure SA. However, at negative voltages, enrofloxacin
orientation has the carboxylic group up and it is not favored
to occupy the new central affinity site. In our study, we
observed ion current blockage in channels when enroflox-
acin was added asymmetrically to either the cis or trans side
of the channel. When the antibiotic was added to the trans
side (periplasmic side) of the chamber, the binding events
were about twice as frequent as when the antibiotic was
added to the cis side (extracellular side) in the presence of
magnesium chloride (Table 1). This is also suggested by
inspection of the free energy surface of Figure SA: Because
the central affinity site is more shifted toward the trans side,
the addition of antibiotics here favors its occupation,
resulting in faster kinetics. On the other hand, when the
antibiotic is added on the cis side, it has to traverse the
constriction region before it can occupy the central affinity
site, with a barrier that we calculated to be 10 kcal/mol.

Table 1. Association (k,,) and Dissociation (k) Rate Constants and Equilibrium Constant (K) Obtained by Single-Channel

Conductance Measurements on OmpFa

koS (M~ s7!) x 10°

+100 mV 4403
+100 mV (MgCl,) 2100 + 200
—100 mV 12+1
—100 mV (MgCL,) 11+1

ko s (M~ s7h) x 10° ko™ (s71) x 103 K (M)
4+03 0.7 + 0.05 11+1

26000 + 2000 11+1 2500 + 200
11+1 0.29 + 0.02 80 + 7
10 + 1 0.30 + 0.02 70+ 6

“kon = (number of events s™')/(antibiotic concentration), k. = 1/(average residence time), and K = k,,/k.g The enrofloxacin conentration

was 100 yM.
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Figure S. Reconstructed free energy surface from metadynamics for enrofloxacin traversing the OmpF channel in the presence of magnesium (A)
and without magnesium (B). Panel B is reprinted from ref 16. Copyright 2010 American Chemical Society. The two collective variables are the angle
0 along the x direction and the distance Z along the y direction. Each color corresponds to a 1 kcal/mol energy difference. In panels C and D we
report the 1-D minimum free energy path for the two simulations as extracted from panels A and B, respectively.

Figure 6. Molecular interaction of enrofloxacin with the OmpF channel in the preferential affinity site near the constriction region in the presence of
magnesium (white sphere), showing specific interactions between enrofloxacin and the residues of the channel affinity site.

B CONCLUSION membrane channel. Favorable interaction increases the
Ion current fluctuation analysis has often been used to concentration of the drug inside the channel and enhances
characterize permeation of water-soluble antibiotics through a the number of translocation events. Combining ion current

4437 dx.doi.org/10.1021/jp2123136 | J. Phys. Chem. B 2012, 116, 4433—4438
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fluctuation analysis and atomistic computer simulations, we
arrive at a picture demonstrating enrofloxacin translocation
through the OmpF porin. Although most of the antibiotic
shows a very low affinity for the OmpF channel, enrofloxacin is
a striking exception. Pronounced blocking of OmpF channels
with enrofloxacin was observed, and blocking does not imply
translocation. However, the presence of magnesium chloride
alters the affinity of the antibiotic for the channel wall. Binding
of Mg** to residue D113 completely screens the charge,
producing a local charge inversion that favors the antibiotic to
cross the constriction region and further translocate with a
faster kinetics. Our results reinforce the idea that OmgP works
as an electrostatic filter against antibiotic translocation.”>** This
is in agreement with a recent analysis of all marketed drugs:
among these, antibiotics have the strongest polar character.””
Translocation of antibiotics is dominated by electrostatics, and
in the future trivalent ion La*" could be tried to understand new
physical insights into translocation.”® Our analysis of the data
provides a full quantitative description of relevant kinetic and
electric parameters of enrofloxacin interaction with the channel
surface in the presence of magnesium.

B ASSOCIATED CONTENT

© Supporting Information

Structure of enrofloxacin and ionic currents through the single
OmpF channel in the presence of 5 M enrofloxacin added to
the trans side at +100 mV. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Supplementary Figure 1

Ionic currents through single OmpF channel in presence of A) SuM enrofloxacin and B) 500 uM

enrofloxacin added to trans side at +100mV. 150mM KCI, 5SmM MgCl,, SmM MES, pH 6

A)
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Chapter 4

Slowing down antibiotic permeation

using lonic Liquids

86



There has been a constant improvement in the msmtation technology for
electrophysiology measurements. Better amplifiéngher signal-to-noise ratio, multiple
throughput possibility, miniaturization of devicesc. have significantly increased our
capability of data collection and analysis. Howewe are still limited with the temporal
resolution of the instrument. The inefficiency bketinstrument to detect fast permeation
events in the time scale lower than 100 pus hasmeqooblematic. Various approaches such
as lowering the temperature of the system and reduhe kinetic energy of the molecules to
slow down the permeation of solutes have been tegoin this chapter, we use bulky ionic-
liquids as a substitute electrolyte solution to KiCbrder to slow down antibiotic permeation

events.

The first part of the chapter consists of a pulilicain Journal of Physics: Condensed matter.
This publication depicts the use of 1-Butyl 3-méthmidazolium Chloride electrolyte
solution to slow down the kinetics of ampicillinrdlugh the OmpF channel. The conductance
of the OmpF channel in presence of ionic liquids weeasured and the kinetics of ampicillin
through the channel was analyzed. We observehbaesidence time of ampicillin inside the

OmpF channel increased from 300 ps (in KCI solyttoriims, slowing down its permeation.

The second part of the chapter consists of a mtmic in Journal of physical chemistry
letters. This publication illustrates the atomistetails of permeation of ionic liquid through
the OmpF channel using applied field molecular dyica simulation. The experimental bulk
conductivity of ionic liquid at various temperatsreas measured and compared to with the
simulation bulk conductivity to obtain a suitabl@del. This was later used to compare with
the experimental values of OmpF conductance agraifit temperature. We also extended the
approach to mutant OmpF D113N pore.

The third part of the chapter is an unpublishedplmpent, where we study the changes in
conductance of OmpF mutants in presence of iomjgidi We also combine two known
approaches, ionic liquids and temperature, to stiown the permeation of ampicillin.
Combining them, we were successfully able to slowrmlthe permeation of ampicillin by 20
times. We also plotted an Arrhenius plot to show thcrease in the energy barrier of

ampicillin translocation through the OmpF pore gdionic liquid.
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Abstract

The permeation of water soluble molecules across cell membranes is controlled by
channel-forming proteins and, in particular, the channel surface determines the selectivity. An
adequate method to study the properties of these channels is electrophysiology and, in
particular, analyzing the ion current fluctuation in the presence of permeating solutes. Ion
current fluctuation analysis provides information on possible interactions of solutes with the
channel surface. Due to the limited time resolution, fast permeation events are not visible using
standard techniques. Here, we demonstrate that miniaturization of the lipid bilayer; varying the
temperature or changing the solvent may enhance the resolution. Although electrophysiology is

considered as a single molecule technique, it does not provide atomic resolution. Molecular
details of solute permeation can be revealed by combining electrophysiology and all-atom
computer modeling; these methods include ion conductance, selectivity, ion pair formation, and
rate limiting interactions of the solute with the channel walls during permeation.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Cell walls are barriers separating the interior functional space
from the outside, while at the same time these two volumes
need to be connected in a selective manner. To control the
passage across the separating membrane, nature has created
a large number of membrane channels which act as selective
gates for water soluble molecules. The most suited method
to characterize such membrane channels is electrophysiology
either via reconstitution of the channels into planar lipid
membranes or through patching a small fraction of an intact
cell membrane [1, 2]. The basic principle is to apply a
transmembrane voltage to drive ions through the channel.
The insulating property of a lipid membrane provides an
extreme contrast to the ion conducting channel. For more
than 40 years, such measurements have provided information
of the possible channel size, selectivity or conformational
changes [1-3]. For example, to a first approximation the
pore sizes can be estimated by measuring the conductance and
assuming the pore to be an homogeneous cylinder. However,

0953-8984/10/454131+07$30.00 1
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often the true pore size deviates substantially from a cylindrical
model. To rule out apparent large or small pore sizes, different
ions and concentrations need to be applied. Furthermore
multimeric or wedge shaped pores can be discriminated using
the conductance contrast between channel penetrating/non-
penetrating polymers [4].  Likewise ion selectivity can
be revealed under quasi-equilibrium conditions of a salt
gradient [1, 2, 5]. Unfortunately, the complex geometry and
charge distribution together with the underlying long range
electrostatic interactions often makes a simplified description
of the system problematic. ~To date, the most accurate
dynamical modeling for systems of this kind can be obtained
using all-atom molecular dynamics (MD) simulations [6—15].

Typical biological channels have pore radii of around
one nanometer or less and a length of about 4-5 nm which
corresponds to a volume of 10721, This implies that already
about one molecule inside the channel correspond to molar
concentrations. Thus, the additional presence of charged or
uncharged molecules which may penetrate or permeate through
the channel will modify the conductance. Moreover, small

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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molecules have typically a self-diffusion coefficient of around
10° m?s~! in aqueous solution; subsequently allowing
molecules to freely diffuse through the channel in a few
nanoseconds. The permeation of freely diffusing molecules is
too fast to be resolved by current experimental techniques.

The confinement of the ion current in molecular
dimensions allows for detecting minor changes in the channel
size.  Any substrate molecule within the channel will
automatically interact with the channel surface and eventually
cause fluctuations in the ion current. Some years ago Nekolla
and coworker introduced the power density spectra of ion
current fluctuations to reveal the rates and energy barrier for
maltooligosaccharides’ permeation through maltoporin [16].
In a seminal investigation, this principle has been applied to
distinguish individual nucleotides of single stranded DNA [17].
Later it was shown that binding of maltodextrins to the
maltoporin channel blocks the passage of ions through the
channel at the single molecule level [18]. Moreover, exploiting
the selectivity of such natural or bioengineered channels has
promising applications for detecting molecules, characterizing
molecular interaction, observing peptide folding, and a
potential to be utilized as selective gates in self-assembled
nanoscale engineered systems [19].

Our group recently focused on the entry pathway of
antibiotics into bacteria [20-25]. Obviously a channel like
OmpF is not optimized by the bacteria to allow uptake of
antibiotics. Nevertheless some drug molecules turned out to be
efficiently translocated as they show an affinity with the interior
of the channel. In our initial studies, zwitterionic ampicillin
and OmpF were investigated, which showed a similar type
of ion current blockage as known from maltodextrins in
maltoporin [21]. Comparing other antibiotics, e.g. penicillin
G, revealed no additional noise despite their biological activity,
indicating permeation through the OmpF channel. Originally
this was interpreted as no interaction and subsequently no
translocation. Now it is understood that the temporal resolution
of the instrument limits the detection of fast translocation
events [25]. Consequently, we have tried to improve the time
resolution to catch the fast events.

A first approach to improve the time resolution of an
electrophysiological measurement is to reduce the capacity of
the system through reducing the size of the lipid membrane
patch. To this end we replace the Teflon holes by glass
chips with micro-meter sized holes purchased from Nanion
Technologies (Munich, Germany) [26, 27]. Based on their
commercial system, the so-called Port-a-Patch for cell patch-
clamping, we have combined the low-noise measurement
characteristics of bilayers formed in patch-pipettes with a novel
and simple way of forming small area planar bilayers by
giant liposome adsorption. The technique has been shown
to allow very low-noise measurements on OmpF and OmpC
channels [27] and requires very low sample volumes, for
which two electrolyte drops of several microliters placed on
the two sides of the glass aperture can be used. Employing
this technique, we characterized the permeation of antibiotics
through different channels and obtained the binding kinetics at
a single molecule level [27].

A different approach is to modify the underlying
physicochemical conditions of the transport processes:
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slowing down the kinetics by, for example, lowering the
temperature [13, 24, 25]. Moreover, a temperature scan allows
us to perform a Van’t Hoff plot yielding the internal enthalpic
barrier which can be compared to MD modeling [23, 24].

In this work we follow another approach by modifying the
interaction between the substrate molecules and the channel
walls, i.e. by using ionic liquids as solvent [28]. A large
and highly heterogeneous substance class of salts is termed
‘ionic liquids’ whose unifying physicochemical parameter is
a melting point smaller than 100°C. In recent years ionic
liquids have gained more and more importance in manifold
technological applications—reviewed in detail, for example,
in Li et al and Zhao [29, 30]—owing to the fact that ionic
liquids offer nearly all possible molecular interaction potentials
and chemical properties available. When dealing with ionic
liquids two different situations need to be distinguished: (i)
ionic liquids as a solvent and (ii) ionic liquids as solutes.
While in the first case ionic liquids can be treated as liquid
phase on their own with certain solvent parameters such
as density, viscosity polarity, and dielectricity, in the latter
case more or less separately dissolved cations and anions
are present as solutes in a solvent. Additionally, since ionic
liquids are generally composed of bulky and asymmetric
organic cations combined with bulky anions showing a largely
distributed negative charge (except chloride, bromide, and
iodide), ionic liquids can be referred to as so-called weakly
coordinating ions. Hence, compared to other ions their
interactions with solvent molecules and biomolecules cannot
be described exclusively by their sole electrostatic properties
but also, for example, van der Waals interactions and hydrogen
bond donor and acceptor potentials need to be considered.
As a consequence, the chemical or biochemical environment
the ionic liquid ions are facing and their available interaction
potentials determine their interaction with other solutes and
especially with biomolecules like proteins. In the present
study, ionic liquids were employed to slow down the ampicillin
translocation through OmpF channels. Instead of KCI,
the ionic liquid butylmethylimidazolium chloride (BMIM—CI)
solution was used as an electrolyte that improved the resolution
of the measurement as shown below [28].

2. Materials and methods

The following chemical reagents were used in this study:
BMIM-CI, KCIl, MES, potassium phosphate, n-pentane,
and hexadecane (Sigma Aldrich, Buchs, Switzerland);
ampicillin sodium salt (Applichem, Darmstadt, Germany);
1, 2-diphytanoyl-sn-glycero-3-phosphatidylcholine (DPhPC)
(Avanti Polar Lipids, Alabaster, AL). Doubly distilled and
deionized water was used to prepare solutions.  After
preparation, all solutions were purified by filtration through a
0.4 mm filter.

A typical classical setup for the characterization of
channel forming proteins is based on conductance mea-
surements and is shown in figure 1. Solvent-free black
lipid bilayers were formed according to the -classical
Montal-Mueller technique [31]. For the sake of stabil-
ity we used 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine
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Planar bilayer

Teflon film

5nm

Figure 1. The top picture shows a classical planar lipid bilayer
measurement setup. In between the two Delrine half cells a Teflon
film with a hole (see middle left side) is sandwiched. Across the hole
a planar bilayer is formed separating both aqueous solutions. A
single porin spontaneously inserts, visible by a sudden jump in the
ion current. The schema shows the flux of the ion and the
interruption in the case of molecule blocking.

(DPhPC] (Avanti Polar Lipids, Alabaster, AL). This lipid
is in the fluid phase over the entire temperature range of
measurement and thus is a good matrix for channel forming
proteins.  Purified OmpF from a stock of 1 mgml™!
in 1% n-octylpolyoxyethylene (octyl-POE) (Alexis, Lausen,
Switzerland) was diluted 10>~103 times depending on the exact
measurement conditions in a buffer also containing 1% octyl-
POE. Membrane currents were measured through homemade
or commercially available (World Precision Instruments,
Sarasota, FL) Ag/AgCl electrodes. One electrode was used
as ground and the other connected to the headstage of an
Axopatch 200B amplifier (Axon Instruments, Foster City, CA),
allowing the application of adjustable potentials (typically,
100 mV) across the membrane. The ion current was digitized
by an Axon Digidata 1440A digitizer and controlled by the
Clampex 10.0 software and analyzed by the Clampfit 10.0
software (all from Molecular Devices, Sunnyvale, CA). A
typical recording is shown in figure 2 including the insertion

of a single OmpF trimer into the membrane visible by a
jump in conductance. Titration with ampicillin causes channel
blocking depending on the concentration, corresponding to
binding and penetration of the antibiotic molecule through
the channel. For formation of a miniaturized lipid bilayer
containing the channels, giant unilamellar vesicles (GUVs)
were prepared by the electroformation method and OmpF
in 1% Octyl-POE was reconstituted into GUVs as described
previously [26, 27]. For formation of a lipid bilayer containing
single trimeric OmpF, 3 ul of the proteoliposome solution
was pipetted onto the microstructured glass chip containing
an aperture approximately 1 um in diameter [26, 27]. En-
rofloxacin measurements were done in 150 mM KCIl, 10 mM
MES pH 6 due to solubility problems.

3. Results and discussion

To study the effect of ionic liquids on translocation of
antibiotics, a single trimeric OmpF channel was reconstituted
into planar lipid membranes. First the channel properties were
analyzed in the absence and presence of ampicillin in various
KCI solutions. In agreement with previous measurements,
OmpF trimers reconstituted into planar lipid bilayers showed
a single trimeric channel conductance of 4 nS in 1 M KCI.
Repeating this experiment in 1 M BMIM-CI revealed a
channel conductance of only 0.6 &= 0.05 nS (pH 6). Figure 2
shows the single step increase in conductance corresponding
to the insertion of a single trimeric OmpF channel into a
stable lipid bilayer. This dramatic decrease in the open
channel ion conductance can be attributed to a decrease in bulk
conductivities and to elucidate this we measured the latter and
obtained 4.25 S m~! for a 1 M BMIM—ClI solution compared to
10.5 S m~! for 1 M KCI. Similar to our previous observation,
we observed in both solutions voltage induced gating between
150-200 mV in 1 M salt. The closure occurred in three steps,
confirming a trimeric organization of OmpF (data not shown).
Moreover, in both cases the channel conductance was slightly
asymmetric with respect to the applied voltage, suggesting
an asymmetric conformation of the OmpF protein but it was
not possible to identify the exact orientation by this type of
measurement.

Double channel insertion

<= Single channel insertion

22500

15000

Counts

7500

0 T T T T T
o 20 40 80 100 120 140

1 min

Current (pA)

Figure 2. Typical recording of the OmpF insertions into a planar lipid bilayer. A: current recording with +100 mV applied voltage in 1 M
BMIM-CI, 20 mM MES, pH 6, room temperature, showing the sealed bilayer and the single step increase in conductance corresponding to

the insertion of an OmpF channel (approximately 0.65 nS).
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OmpF- 5 mi ampicillin, IM BMIM Cl pH 6
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OmpF- 5 mM ampicillin, IM KCI pH 6

10ms

10ms

Figure 3. Addition of 5 mM ampicillin creates strong ion
fluctuations in the channel conductance measured at +100 mV
applied voltage in (A) 1 M BMIM-Cl and (B) 1 M KCI. Zooming in
with a higher time resolution shows clearly isolated closures of
single monomers. These closures correspond to the penetration of
ampicillin molecules into the channel, hindering the ions passing
through. Raising the concentration increases the number of blocking
events.

In a second series of measurements, we investigated
the effect of added antibiotics. Time-resolved ion current
blockages through the channels were analyzed after adding
antibiotic to the cis-or trans-side of the lipid membrane.
Ampicillin produces a time-dependent interruption in the ionic
current characteristics of reversible blocking of one monomer
belonging to a single trimeric OmpF channel. Figure 3
shows a typical recording and shows longer residence time
in 1 M BMIM-CI compared to measurements performed in
1 M KCI. In figure 4 we show the average residence time
of ampicillin in the channel for both solvents and this is
within the experimental error constant. The average value
was calculated to be 0.9 £ 0.1 ms in 1 M BMIM-CI
compared to 0.3 £ 0.05 ms in 1 M KCI. In contrast,
the number of ampicillin blockage events remains the same
in the case of 1 M KCI and 1 M BMIM-CI. The number
of blockage events strongly depends in both cases on the
concentration of the antibiotics and increases linearly with
the concentration. Noise analysis of ion currents through
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Figure 4. Dependence of residence time on the concentration of
antibiotics. Note that the blocking is in the range of milliseconds in
the case of BMIM—CI whereas it is microseconds in the case of KCI.

the OmpF channel in the presence of ampicillin produced
measurable excess noise. In figure 5 we show the power
spectral density of the antibiotics-induced fluctuations in the
ionic currents. The spectral analysis of the fluctuations in
the ionic current induced by ampicillin shows a Lorentzian
behavior [21]. This suggests that the translocation process can
be described by a two-state Markovian model. The spectrum
can be fitted to a Lorentzian S(f) = S(0)/(14+(f/f.)?), where
S(0) denotes the low-frequency spectral density and f. the
corner frequency, yielding the relaxation time constant defined
as T = 1/2nf.. At [c] < kott/ kon, the characteristic time is
close to the average residence time of the drug 7 = 7, = ko_ff',
where [c] is the drug concentration (figure 5). Other than in
the case of KCl, our results clearly show that the BMIM—Cl
electrolyte enhances the strength of antibiotic interactions with
the channel surface. Previously it has been shown that increase
in the viscosity of the solvent slowed down the kinetics of
solute permeation [32, 37]. However, the viscosity of the
BMIM-CI and the KCI solution is not significantly different
and therefore the increased residence time of ampicillin in the
BMIM-CI solution is not due to the increased viscosity of the
medium [33].

Despite the possible new insight from the above described
measurements, such measurements do not allow us to
distinguish channel closure from substrate translocation.
Although statistical analysis may distinguish shorter from
longer permeation events an additional proof is required. This
could be obtained by the liposome swelling assay, in which
channels are directly incorporated into liposomes. Although
this technique lacks the precision required for accurate
quantitative results, it does provide qualitative information on
the possibility of translocation [23].

With respect to miniaturization, we performed reconsti-
tution of a single OmpF into a miniaturized bilayer. For
example, figure 6 shows the effect of addition of enrofloxacin.
The penetration of enrofloxacin caused fluctuations in the
ion current indicates strong interactions of the antibiotics
molecule with the interior of the channel walls. In figure 6
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Figure 5. Power spectra density of ion currents through the OmpF channel in the presence of antibiotics revealing excess noise reflecting
strong antibiotic—channel interactions. The inset shows a time histogram from which we calculated residence time. Solutions used were 1 M

BMIM-CI, 20 mM MES, pH 6.

Miniaturized bilayer OmpF - Enrofloxacin

5ms

Figure 6. Typical recording of the ion current through OmpF in the presence of enrofloxacin measured in miniaturized free-standing bilayer
setup. The lipid bilayer is formed by flushing GUVs through micro-meter glass chips and applying gentle suction. Classical lipid bilayers are

formed by the technique developed by Montal and Mueller.

we show the measurement for two types of setup. The
upper one was obtained with a miniaturized bilayer, as
described in section 2. In general the miniaturization of
electrophysiological setups implies the following advantages:
fast and precise solute perfusion with low sample and buffer
consumption, miniaturization of the system as a whole to
decrease noise and electromagnetic interference problems, and
the option of a simultaneous optical observation. The stability
of the bilayers is significantly superior to the traditionally
built bilayers especially concerning perturbations by electrical
as well as mechanical forces. It has to be kept in mind
that larger membrane areas create larger background noise,
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which represents a serious problem to resolve short binding
events. The described concept can readily be upgraded to fully
automate the formation of the bilayer, so that a solvent-free
‘uBLM’ can be produced with minimal intervention by an
operator.

Electrophysiology measures integral properties of the
entire channel and does not provide molecular details.
MD simulations made substantial progress to characterize
dynamical properties of channels. From the theoretical point
of view, the description of the above experiments can be
split into two parts (see figure 7): the calculation of the ion
conductance without substrate molecules in the pores and the
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Figure 7. Molecular view of an ampicillin molecule in the
constriction zone of OmpF in the presence of ions (depicted as
spheres). The blue color indicates positive charges or charge
distributions and the red color negative ones. The figure was created
using the molecular graphics viewer VMD [34].

calculation of static free energy profiles for certain antibiotics
within channels such as OmpF.

Concerning the ion conductance, several approximate
techniques such as Poisson—-Nernst—Planck equations [8] and
Brownian dynamics simulations [9] have been applied in the
past. Some of these simulations actually use the crystal
structure of the membrane channel as a starting point but
the dynamics is treated on an approximate level and the
water is treated only implicitly. Important details of the
transport cannot be captured under these circumstances such
as hydration shells, ion pairing, movement of protein side
chains, etc. On the other hand it is now possible to
treat the ion transport through pores using all-atom MD
simulations [10-15, 35]. This has become possible with
recent advances in computing capacities allowing for large-
scale applied-field MD simulations and a direct calculation
of the ionic conductance. Simulations of this kind give
access to atomic details of the transport mechanism through
nanopores, as has been shown, e.g. for alpha-hemolysin [10],
MscS [11], OmpF [13, 14], and OmpC [15]. A good
correspondence between experiment and theory was possible
for the temperature-dependent conductance in OmpF and
OmpC. Without any fitting parameters the agreement in
conductance is within a factor of two for most of the studied
temperature range. In many cases the agreement is actually
much better as, for example, in the case of OmpC and
low salt concentrations [15]. But the simulations cannot
only nicely reproduce the experimental results but also yield
a full atomistic picture of the underlying processes and
interactions. The influence of ion pair forming and breaking
can be investigated [13] or the influence of mutations can be
predicted [14]. Of course, there are still several limitations to
calculating ionic currents using all-atom classical MD. First of
all, there are the sampling problems which call for even longer
simulation times than currently performed. Furthermore,
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standard force fields do not include, among other properties,
polarizability effects and temperature dependence.

The second approach concerning the interaction of
antibiotics with the inner walls of membrane proteins deals
with the calculation of free energy profiles. These energy
landscapes give quite detailed information on the interaction
between the substrate molecules and the interior of the channel,
especially in the constriction zone where it is of paramount
importance. Several such simulations have been performed
(see, e.g. [21-24, 36]) showing molecular features and insight
inaccessible by electrophysiological experiments. Most of
these studies employ metadynamics simulations [21-24] to
obtain the energy barriers along the diffusion pathway. Using
this approach one cannot only determine the energy barriers
for wild-type pores by also for mutations that, for example,
affect the charge and size at the channel constriction zone.
Furthermore the most likely orientation of the substrate in
the channel has been predicted and verified optically by
fluorescence resonance energy transfer (FRET) between a
tryptophan as a donor and a moxifloxacin (an antibiotic) as an
acceptor molecule [22].

Missing so far is a combined description of the two aspects
above: the theoretical determination of the ionic current in
the present of an antibiotic or, even better, while steering
an antibiotic through the pore. Such a combined approach
is challenging because of the unlike timescales involved in
the different transport processes but might be feasible when
determining the free energy landscape using non-equilibrium
methods, e.g. Crooke’s formalism.

Simulations of ionic conduction involving ionic liquids
(and/or heavy water) as solvents should be rather straight-
forward with today’s computer power but have not been
performed so far. Force fields for several ionic liquids have
recently been reported in the literature although they might
not be compatible with those usually used in many biological
simulations such as CHARMM or AMBER.

4. Conclusions and outlook

As the binding of antibiotic molecules in the channels of
interest is significantly weaker than that of preferentially
diffusing nutrients in substrate-specific pores, the resolution of
conductance measurements has to be significantly increased to
be able to resolve the events in all cases. Reducing the size
of the lipid patch allows lowering the background capacitance
below 2 pF and thus the amplifier becomes the limiting
element. Nevertheless molecular diffusion can be too fast to be
visible by ion current fluctuations. Subsequently the physical
process of diffusion has to be slowed down and conclusions
may be taken from extrapolation into the biological parameter
regime. A further possibility is to change the solvent and
thus to modulate the solute—channel interactions. Ion current
fluctuation analysis revealed an exceptionally long residence
time for antibiotics in the presence of ionic liquids. This study
proves that the ionic liquid BMIM—CI strongly influences the
facilitated transport of solutes through the OmpF channel and
gives new insights into the translocation of small molecules
through biological nanopores. The latter approach needs
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to be explored and offers an enormous potential for using
channels as a screening device. In addition, the potential
of MD simulations in understanding the underlying transport
processes in atomic detail has been outlined. Now that it is
possible to almost quantitatively calculate electrophysiological
data using molecular-level simulations, one can envisage that
using combinations of innovative experiments and simulations
can help to create a new understanding and engineering of
transport processes through artificial and biological nanopores.
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ABSTRACT: The temperature-dependent transport of the ionic liquid 1-butyl-3-methyl-
imidazolium chloride (BMIM-CI) in aqueous solution is studied theoretically and experi-
mentally. Using molecular dynamics simulations and ion-conductance measurements, the
transport is examined in bulk as well as through a biological nanopore, that is, OmpF and its
mutant D113A. This investigation is motivated by the observation that aqueous solutions of
BMIM-CI drastically reduce the translocation speed of DNA or antibiotics through
nanopores in electrophysiological measurements. This makes BMIM-CI an interesting
alternative salt to improve the time resolution. In line with previous investigations of simple
salts, the size of the ions and their orientation adds another important degree of freedom to
the ion transport, thereby slowing the transport through nanopores. An excellent agreement
between theory and conductance measurements is obtained for wild type OmpF and a
reasonable agreement for the mutant. Moreover, all-atom simulations allow an atomistic
analysis revealing molecular details of the rate-limiting ion interactions with the channel.

SECTION: Biophysical Chemistry

ure ionic liquids (ILs), usually molten salts with a melting
Ppoint lower than 100 °C, have become a subject of intense
studies in recent years. ILs are characterized by a high ion
conductivity, thermal and chemical stability, as well as favorable
solvation properties. These characteristics of ILs generated
enormous interest, and they can be applied to a large number
of useful applications including organic synthesis, catalysis,
separation, and electrochemical studies.' > Moreover, mixtures
of water and ILs, that is, ILs in aqueous solution, have been
investigated recently,®” which is actually the subject of our study.
Ion and substrate transport through nanopores is currently an
active field of research with exciting biological applications.*’
Concerning the ion transport, most studies, especially including
the effect of temperature, have been restricted to simple ions such
as KCl, NaCl, or MgCl, (see, e.g., refs 10—18). Concerning
substrate transport, one investigates, for example, the transloca-
tion of antibiotics,"” DNA,” and peptides®® through nanopores.
The translocation of these substrates is experimentally studied
using electrophysiology, that is, the use of ion-current measure-
ments as an indirect probe. One of the potential applications of
IL solutions is slowing down the kinetics of fast permeation
events through nanopores. To this end, de Zoysa et al.*'
successfully used a 1 M 1-butyl-3-methyl-imidazolium chloride
(BMIM-Cl) (Figure la) solution to slow down the DNA
translocation in a nanopore. This reduction in speed might help
in DNA sequencing by increasing the residence time of DNA in
the pore.”’ Furthermore, we have recently shown that a 1 M
BMIM-CI solution increases the residence time of ampicillin in

W ACS Publications © 2011 American chemical Society

the outer membrane porin F (OmpF) pore by a factor of 3
compared with a KCI solution of the same concentration.””
Again, this increase in residence time improved the time resolu-
tion to catch fast events of antibiotic translocation through the
pore, which is otherwise hard to detect or even undetectable. In
the same study, it was found that BMIM-CI compared with KCl
leads to a roughly two-fold reduction in bulk conductivity,
whereas the respective OmpF conductance decreases by a factor
of ~7.2* This study is devoted to understand the underlying
interactions of ILs with the nanopore walls.

The investigated nanopore is the general diffusion porin
OmpF, that is, a pore in the outer membrane of the E. coli
bacterium. (See Figure 1c.) High-resolution crystal structures
of OmpF reveal their trimeric organization.”*** The constric-
tion zone contains three positively charged arginine residues
R42,R82, and R132 on the one side and two negatively charged
residues, namely, aspartic acid D113 and glutamic acid E117, on
the other side. (See Figure Slin the Supporting Information.)
This spatial arrangement of positively and negatively charged
residues is responsible for a strong transverse electric field
inside the pore leading to particular orientations of molecules in
this region.”> >’ The inner loop L3 is a part of the constriction
zone and has a large influence on the translocation properties of
the pore.
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Figure 1. (a) Structure of BMIM" (atom colors: C, cyan; N, blue; H, white) including the center of charge indicated by a red cross. (b) Simulation box
for the bulk simulations. The Cl™ ions are shown as green spheres and the BMIM " ions are shown as pink ball-stick structures. (c) Simulation setup for
the pore simulations including OmpF (blue, secondary structure; orange, loop L3) and the membrane (gray surface and stick representation). The
arrows indicate the direction of the movement of ions under the effect of a positive applied field (in the same direction as the flow of the BMIM™ ions).
For the sake of visualization, part of the monomer in the front has been removed. The figures were generated using VMD.*®
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Figure 2. Bulk conductivity versus temperature for different water
models compared to experiments.

In this study, we investigated molecular details of BMIM-CI
transport through OmpF. In particular, the behavior and
orientation of the bulky ions within the channel and the
constriction region are of interest. To this end, we performed
applied field MD simulations to model the ion flow of BMIM-CI
through OmpF and to compare the calculated conductance to
experimental data.

As a first step in the molecular modeling of BMIM-CI, we
compared theoretical and experimental values for the bulk con-
ductivity in water. The simulations were performed using
NAMD2.7*® together with the CHARMM?27 force field,*® BMIM
force field parameters,31 and different water models, for example,
TIP3P,** TIP4P,>* TIP4P-Ew,** and TIP4P/2005.>° Details are
given in the Supporting Information. (Also see Figure 1b.)

The temperature-dependent bulk conductivity of 1 M BMIM-CI
was calculated for temperatures ranging from 10 to 60 °C using the
approach of Aksimentiev and Schulten."" (Also see the Supporting
Information.) As a control of the underlying interactions between

Table 1. Self-Diffusion Coeflicient and Bulk Conductivity for
Different Water Models Together with Experimental Values
at 25 °C

data set self diffusion [10 ° cm®/s]  bulk conductivity [mS/cm]

experimental 227% 46.26
TIP3P 5.06% 97.07
TIP4P 3.29% 67.57
TIP4P-Ew 2.4 4951
TIP4P/2005 2.08% 38.46

1.8 s :

+  Exp
16 F x  Simu(TIP3P) .
14 o Simu (TIP4P-Ew) s

Conductance [nS]

0 10 20 30 40 50
Temperature [°C]
Figure 3. Pore conductance versus temperature for experiment and

simulation using two different water models together with linear fits of
the data sets.

ions and water, the temperature dependence of the calculated
conductivities is compared with the experimental values. (See
Figure 2.) As in previous simulations for KCI conductivity, we initially
employed the TIP3P water model."*'* Although the slope of the
simulation data with the TIP3P water model is very similar to the
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The dotted horizontal lines are given to help guiding the eye.

experimental results, a considerable parallel shift is visible. Surpris-
ingly, the ratio between the calculated conductivity at room tem-
perature and its experimental counterpart is almost equal to that of
the corresponding self-diffusion constants of water as listed in Table 1.
Motivated by the possible connection between conductivity and
self diffusion, different water models were probed with self-diffusion
constant in decreasing order. (See Table 1.). In conclusion, we found
that the conductivity of 1 M BMIM-Cl solution is strongly correlated
with the self-diffusion constant of the water model and that the best
results are obtained for the TIP4P-Ew water model (Figure 2,
Table 1). This is not too surprising because both quantities, the
conductivity of BMIM-CI and the self-diffusion constant of water,
involve the process of moving a molecule, that is, either a BMIM " ion
or a water molecule, through the surrounding water.

After the validation of the force fields and water models, the
transport through OmpF was investigated. We performed 30 ns
simulations for different temperatures and using the TIP3P and
the TIP4P-Ew water models. (See the Supporting Information.)
The current was determined as previously described.""'*'* The
applied voltage of 1 V in the simulations is considerably larger
than the experimental one to increase the number of passing ions
during the simulation time, that is, to improve the statistics. The
experimental results of the pore conductance of OmpF using 1 M
BMIM-CI solution at different temperatures show a linear
dependence as shown in Figure 3. (See the Supporting Informa-
tion for experimental measurement details.) Similar to the bulk
conductivity calculations, the simulations using the TIP3P water
model yield a considerably higher conductance, although also an
almost linear increase with temperature. Results obtained with
the TIP4P-Ew water model are in good quantitative agreement
with the experimental results. These results further demonstrate
the dependence of such conductance measurements on the water
model and their self-diffusion constant. The good agreement
between experimental and theoretical conductance can be
further exploited to obtain atomic-level details of the transport
process of BMIM-CI through the OmpF pore.

In contrast with experiments, the simulations immediately
yield the contributions of the individual ion types to the current,
that is, BMIM" and Cl . (See also the Supporting Information
movie.) The ratio of the CI”~ to BMIM" currents is found to be in
the range of 3—S increasing with temperature in the range from
S to 45 °C (data not shown). Analysis showed that the mobility of
Cl" ions is influenced more by the increasing temperature than
the BMIM" ions. This leads to an increased ratio of Cl~ to

BMIM" currents at higher temperatures. Furthermore, it is found
that, at 25 °C, BMIM" ions have an approximately four times
higher residence time in the constriction region compared with
the Cl™ ions (see also below).

For further analysis of the MD data at 25 °C, the channel was
divided into bins of 2 A width along the channel coordinate z. If
the center of mass of the molecule under investigation was
within the z range of this bin, the count of the individual
quantities was increased. Subsequently, the number of mol-
ecules was averaged over the trajectory and are displayed in
Figure 4. In fact, the number of water molecules can be used as
an estimate for the channel size. As can be clearly seen, the
constriction zone extends from roughly —4 to +4 A. (See
Figure 4a.) For the analysis of the average ion occupation in
the channel, note that the applied positive voltage forces the
Cl™ ions down toward negative values of the channel coordi-
nate z (from the periplasmic side of the membrane to the
extracellular side) while the BMIM" are dragged up toward
positive values. Compared with the average water occupation in
the channel, the Cl™ ions have a slightly higher average number
above the constriction zone and a slightly depleted occupation
at negative z values. (See Figure 4b.) This is due to the
hindrance caused by the constriction region. Once the narrow
part of the pore is passed, the ions are easily dragged away by the
external field. As can also be seen in the Supporting Information
movie, the effect is much more enhanced for the bulky BMIM "
ions, which are crowded below the constriction zone.

For the present nonspecific channel, we examined the
solvation characteristics of permeating BMIM" and Cl™ ions
along the channel coordinate z. In general, ion channels
regulate the flow of ions across the membrane via substltutmg
the loss of hydration with favorable protein interactions.*® To
be able to quantify these, we determined solvation shell defini-
tions of the BMIM" and Cl™ ions by calculating radial distribu-
tion function (RDF) for the previously described simulation of
1 M BMIM-Cl aqueous bulk solution and 4 ns long trajectories.
For the BMIM" molecule, the center of charge was considered,
and a first minimum was found at 4.1 A, which was subsequently
used as radius of the first hydration shell. Similarly for Cl™, the
radius of the first hydration shell was obtained as 3.2 A. With
regard to the protein contacts, only oxygen atoms were
considered for the contribution of the protein to the solvation
number of BMIM " ions and nitrogen atoms for that of Cl ™ ions.
For the ion—protein contacts, the same distance criteria as
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Figure 5. Average orientation of the BMIM" dipole with respect to the
channel coordinate Z with error bars showing the standard deviation per
bin. Representative orientations of BMIM" ions are shown in the insets
for three particular regions of OmpF (center inset includes two
important negatively charged residues in constriction region; see the
main text).

those for the ion—water contacts were applied. The hydration
number of the ions progressively alters in response to the
changing environment as they move through the OmpF pore
(Figure 4d,e). The hydration number appears to be minimal in
the constriction zone with approximately 10 to 11 water
molecules around each BMIM" ion and 4 water molecules
around each Cl™ ion. Interestingly, the loss of hydration is
compensated by protein contacts in the constriction region.
Apparently, the contributions of water and protein contacts
complement each other to keep the total solvation number per
ion roughly constant throughout the channel. For KCl ions in
OmpF, a similar phenomenon was previously observed by Im
and Roux.”” In addition, both BMIM™* and CI~ follow separate
pathways over the length of the pore in a screw-like fashion.
(See the Supporting Information.)

Compared with the simple potassium and chloride ions, an
important feature of the more bulky BMIM" ions is their
orientation with respect to the channel. This is a key feature
not accessible by experiment but by MD simulations. As de-
scribed above for the other calculations, the channel was divided
into bins of 2 A width along the channel coordinate z and the
quantities were averaged over the full length of a 30 ns trajectory.
The orientation angle was measured between the dipole of each
BMIM" ion residing in a particular bin and the z axis. As shown in
Figure S, the orientation of the BMIM " ions changes gradually as
it passes through the pore. Toward the extracellular (—20 < z <
—12 A) and the periplasmic side (12 < z < 20 A) of the pore,
BMIM" has an average orientation perpendicular to the channel
axis with very large values of the standard deviation. This
perpendicular direction is due to the charged residues lining
the pore walls. (See Figure S2 in the Supporting Information.)
These charges create local electric field components perpendi-
cular to the channel axis and the BMIM" ions partially align to
them. At the same time, the large standard deviation of the
orientation angle toward the extracellular and periplasmic side of
the pore shows that the ions have a large flexibility in their
movement. The situation is different near the constriction region.
The pore diameter is not large enough for BMIM " ions to pass in
aperpendicular orientation. Therefore, they progressively start to

2.2 T T T T
+  Exp (Wild-type)
2F o Simu(Wild-type)
18 F +  Exp (D113A) 4
— 16 o Simu (D113A)
@ .
Y 1.4
2 1.2
S
5 1
2 o8
o
O 06
0.4
0.2
0 . . . .
0 10 20 30 40 50

Temperature [°C]

Figure 6. Experimental and calculated pore conductance for the D113A
mutant. For comparison, the conductance data for the wild type are
shown as well.

change their orientation as they approach the constriction region.
There, the BMIM" ions align almost parallel to the channel axis.
In terms of the angle between dipole moment and channel axis,
this leads to values around 30°. As shown in the middle inset of
Figure 5, the positively charged headgroup, that is, imidazole
ring, of the BMIM" ion tends to tilt toward negatively charged
residues in the constriction region, namely, D113 and E117. This
leads to an average angle of the BMIM" dipole away from the
expected 0°. Probably more important than the average angle is
the relatively small standard deviation in the constriction zone.
Although not directly visible in Figure S (but, e.g, in the
Supporting Information movie), the BMIM" ions have to pass
the constriction zone with a certain directionality, that is, the
imidazole ring first. This shows that the ions first have to acquire a
certain orientation before they can actually pass this region. On
average, this leads to a prolongation of the passage time or a
decrease in the current produced by the BMIM" ions. Figure 5
shows a second curve, the orientation of the BMIM" ions
through the OmpF mutant D113A, where a negatively charged
aspartate residue in the constriction zone was mutated into a
neutral alanine. The same system setup as that for the wild type
OmpF simulations was used with the TIP4P-Ew water model;
then, the D113 residue was mutated. Subsequently, the system
was equilibrated for S ns, followed by a applied-field simula-
tions for 10 ns. Because of the removal of a negative charge in
the constriction zone, one may expect a change in the average
orientation of the BMIM" dipole in this region. This can be
attributed to the reduced electrostatic force experienced by the
positively charged imidazole ring leading to a less pronounced
tilting of the BMIM" head. Indeed, the average angle in the
mutant is found to be ~15° compared with roughly 30° in wild
type. Farther away from the constriction zone, the average
orientation and its standard deviation are rather similar to the
wild type data. This is reassuring because it shows that these two
independent simulations yield very similar results away from the
constriction zone, as to be expected.

In Figure 6, the temperature-dependent conductance of the
D113A mutant from electrophysiology and MD simulations is
displayed. At the lower considered temperatures, the agreement
between both approaches is good, but it is obvious that the
experimental and the theoretical curves have different slopes.
The curve from the simulation is parallel shifted from the wild
type results to larger conductance values. In the case of the
experiments, there is a considerable change in slope. Because of
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the very good agreement between theory and experiment for the
wild type OmpF, these data are somewhat surprising. Although
the results are within the range of expected agreement between
experiments, it is obvious that some contribution is neglected in
the mutant. Nevertheless, the structure of the mutant was quite
stable in the simulations. Furthermore, previous studies of the
conductance of simple ions provided good agreement with
experiments.'>"* The ratio of CI~ to BMIM" currents was found
to be in the range of 5—8 increasing with temperature. Com-
pared with the ratio of 3—S for the wild type, it was observed that
mainly the Cl~ ions are responsible for the larger conductance of
the D113A mutant because the contributions from the BMIM"
ions were roughly the same as those for the wild type.

In conclusion, we have experimentally measured the tempera-
ture-dependent conductance of aqueous BMIM-CI solution
through OmpF trimer and also modeled it using MD simulations.
An excellent agreement is obtained between electrophysiology
and simulations of wild type OmpF and a reasonable agreement
for the D113A mutant. In addition to the experimental findings,
the simulations yield a molecular-level picture of the ion trans-
port. In particular, the kinetic simulations reveal the rate-limiting
interactions of the ions with the channel wall. As an important
issue of the transport process, we have calculated the orientation
of the BMIM" ions. It is really astonishing that one can see the
realignment of the bulky ions within the time scale of the applied-
field MD simulations. The necessity for the correct orientation of
BMIM" near the constriction region may serve as a rate-limiting
step of the passage, thereby slowing down the kinetics of
antibiotic translocation through OmpF. This probably allows
us to observe an increased residence time of ampicillin in OmpF
with BMIM-CI compared with KCl, as shown in ref 22. For the
translocation of substrates such as antibiotic molecules, the
translocation time is too long to be observed directly in standard
MD simulations. Hence, one needs to go to more indirect
schemes as the calculation of the potential of mean force or
steered MD simulations to understand these processes theore-
tically. Nevertheless, insights from the present study can be
further exploited to understand antibiotic translocation pro-
cesses and to investigate other ILs for similar electrophysiological
measurements through nanopores.

B ASSOCIATED CONTENT

© Supporting Information. Experimental and computa-
tional details and movie of the ion transport simulations. This
material is available free of charge via the Internet at http://pubs.
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Chapter 4.3

Combing the effect of temperature and lonic liquid in antibiotic per meation

We studied the conductance of ionic liquid in dig¢ OmpF mutants. The temperature-
dependent transport of the ionic liquid 1-butyl-&thylimidazolium chloride (BMIM-CI) in
OmpF and OmpF D113A mutant has been studied betiratically and experimentally. An
excellent agreement between applied field molecdjeramics simulation and conductance
measurements is obtained for wild type OmpF angaaanable agreement was obtained for
the mutant D113A pore. Moreover, all-atom simulasiodepicted an atomistic analysis
revealing molecular details of the rate-limitinghioteractions of the bulky cation with the
OmpF channel. We performed conductance measurememi$ferent other OmpF mutant in
presence of BMIM CI electrolyte as shown below able 1.

Table 1. Experimental and Simulation conductance of OmpF mutantsin KCI and lonic Liquid

Mutant Mutated KCL lonic Liquid
residues | Experiment[nS] Simulation[nS]| Experiment[nS] Simulation[nS]
wild | - 4.0 3.0 0.6 0.5
Type
D113A Negative 3.9 NA 1.0 0.8
neutralized
R132A Positive 4.0 NA 0.3 NA
Neutralized
D113N, Two 1.8 1.9 1.2 NA
E117Q | negative
Neutralized
R132A, Three 4.2 4.7 NA NA
R42A, Positive
R82A | Neutralized

As mentioned earlier, the selectivity of the Ompgkamnel changes to anion selective in
presence of the bulky BMIM CI electrolyte. The mment of chloride ions dominates the ion
conductance of the channel. When the negativelygeldhresidues, D113 and E117, are
neutralized inside the pore lumen, we observe areased conductance in the OmpF mutant
channel, which could be due to reduced electrastapiulsion for the chloride ion. Similarly,
when the positive charged residue R132 was nezxgdliwve observe a reduced conductance.
The changes in conductance of ionic liquid at déifé mutants are very interesting and for
better reasoning, MD simulation needs to be peroirto get an insight on the transport

mechanisms.
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Ampicillin translocation through OmpF in lonic Limu

The interaction of ampicillin with OmpF in preserafelM KCI and 1M BMIM CI electrolyte
solution has been previously shown. The kineticsuwh translocation has been studied and
the results show that the resident time of ampditiside the pore to be around 300us for 1M
KCl and 900us for 1M BMIM CI. The increase in amliiic residence time inside the channel
in presence of BMIM CI could be due to the increasiscosity of the solution and the fact
that the bulky cation needs to position itself idedined orientation inside the channel which
could hinder/slow ampicillin interaction. Anotheiudy by Mahendran et al. has shown that
ampicillin translocation can be slowed down by lowe the temperature of the system. Here,
we combined the two approaches and study the chiantfee ampicillin kinetics with the
OmpF WT channel.

1M BMIMCI, 10mM Ampicillin, Temperature scan
5°C

N 1o M o A

15°C

[P T S A i

25°C

1004

35°C

45°C

100WWWW

20ms

Figure 1. Ampicillin interaction with OmpF channel at different temperatures
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Figure 1 shows the ion-current fluctuations of ampicillinttvthe OmpF channel at different
temperature using 1M BMIM CL electrolyte solutiohhe residence time of ampicillin at
different temperature was calculated and compargutasence of 1M KCl and 1M BMIM ClI
solution as shown ikigure 2. Combining two approaches, we have been abledwessfully

slow down the ampicillin residence time from 30@a8ms at 5°C using 1M BMIM Cl ionic

liquid solution.

= 1M BMIMCL residence time
+ 1M KCL residence time

Resldence time

v T M T v T v T v 1
0 10 20 30 40 50

Temperature

Figure 2: Residence time of ampicillin in OmpF channel using potassium chloride and ionic liquid
BMIMCI

The interaction of ampicillin with the OmpF channat different temperatures can be
hypothesized to follow an Arrhenius behavior. Using ampicillin residence time inside the
channel, one can obtain the dissociation rdfg ¢f ampicillin inside the channel. The change
of dissociation rate constant with changing temjpeea has been plotted following the
Arrhenius equation as shownhingure 3. The natural logarithm of dissociation rate folkow
linear trend with 1/Temperature, whose slope miigtipby the ideal gas constant gives us the
E. (effective energy barrier). As seen from the feguthe energy barrier for ampicillin
permeation is higher in ionic liquid solution, 206akmol, compared to potassium chloride

solution with energy barrier of around 14 kcal/mol.
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Figure 3: Energy barrier of ampicillin interaction with the OmpF channel in presence of KCL and
BMIMCL
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This chapter consists of work performed under the European-IMI Translocation project. The
chapter consists of a written manuscript that has not been submitted yet. In this publication,
we characterize the three mgor porins from Enterobacter aerogenes, Omp35, Omp36 and
Omp37. Theinteraction and kinetics of B-lactam antibiotics such as penicillins, carbapenems
and cephalosporins with the three major porins have been studied using single channel
electrophysiology. Comparative study on in vitro and in vivo experiments was performed.
Antibiotic sensitivity conferred by Omp35, Omp36 and Omp37 was obtained using Minimum
Inhibitory Concentration (MIC) assay and antibiotic killing rates. Our data shows a strong co-
relation between the in vitro single channel electrophysiology data with the in vivo biological

assays.
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Abstract

The permeation of water soluble molecules acrosséfi membrane is controlled by channel
forming proteins present in the outer membrane @inGGnegative bacteria called porins. An
adequate method to study properties of such chans@lectrophysiology and in particular
analyzing the ion current fluctuation in the presenof permeating solutes provides
information on possible interactions with the chalrsurface. The major focus of this work is
to characterize the interactions of several aniidsothrough theEnterobacter aerogenes
outer membrane porins. The outer membranEntdérobacter aerogenes contain three major
diffusion porins, Omp35, Omp36 and Omp37. Usinggleinchannel electrophysiology,
interaction off-lactam antibiotics such as penicillins, carbapenamd cephalosporins with
each of the three different porins were measured e kinetic rates of antibiotics
interactions with the pore was obtained. In-vivesags such as Minimum Inhibitory
Concentration (MIC) assays and killing rates ofitaatics were performed to compare with

thein vitro electrophysiology results.
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Introduction

The outer-membrane of Gram-negative bacteria @aysjor role in protecting the bacterial

from various hostile environments yet ensuring lecdive permeation of various essential
nutrients into the cell cytoplasm [1-4]. Acting asdfirst line of defense, the hydrophobic

asymmetric lipid bilayer is composed of Lipopolyslaarides in the outer-leaflet and

phospholipids in the inner leaflet [5,6]. The sélexexchange of hydrophilic solutes such as
sugars and amino acids are modulated by the presd#neater-filled channels in the outer-

membrane called porins [7-9]. Additionally, variatisical and electrophysiological studies

have shown porins to be a major pathway of sewsmophilic antibiotics such g&lactams

and fluoroquinolones [1,10-12].

In the outer-membrane @&nterobacter aerogenes, three major porins have been identified,;
Omp35, Omp36 and Omp37 [10,13]. As an opportunigéithogen and a major causative
agent of respiratory tract nosocomial infectioBsferobacter aerogenes generally exhibit
high resistance to various antibiotics. The bagianaltidrug resistance oEnterobacter
aerogenes against various antibiotics was the high permégbdarrier induced by down-
regulation or mutations of these outer-membranepdR,13-15]. For instance, resistance to
cefipime and cefpirome iBnterobacter aerogenes associated with mutations in Omp36 porin
has been reported [14]. Similarly, resistance tda@enems has been associated due to the
loss of major porins Omp35 and Omp36 [16]. Withré&asing antibiotic resistance in
Enterobacter species, the study of interactionntibetics with bacterial porins is important
to understand the relationship between the stracfroperties of the protein and the uptake

of these drugs.

We are interested in characterizing the three m@joteins inEnterobacter aerogenes and
obtaining detailed kinetics on the transport ofimas B-lactam antibiotics using single
channel electrophysiology and biological assay$ a& Minimum Inhibitory Concentration
(MIC) assay and antibiotic killing rates. The Omf3&mp36 porins of Enterobacter have a
high homology to the OmpF/OmpC porin frola coli and OmpK35/OmpK36 from
Klebsiella pneumonia [2,16]. The Omp35/36 porin is a trimer composedL6fstranded-
barrels. The sequence homology also shows a catsé® loop in Omp35/0mp36 porins
compared to thde. coli OmpF/OmpC suggesting common functional organinatb the
constriction region [14]. Similar t&. coli, the Omp35 porins is expressed at low osmolarity
conditions whereas Omp36 porin is expressed atdsghmolarity conditions [13]. However,

the Omp37 porin is known to be a quiescent poretla@dunctional activity of the pore is still
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not know. Using single channel reconstitution adsih purified channels in the lipid bilayer,
important biophysical information such as conductaselectivity and size of the channel can
be obtained. Similarly, ion current fluctuations pnesence of antibiotics can be used to
obtained detailed kinetics interactions of the cterwith the antibiotic. In this study, we
show that all three outer-membrane porins providgathway for the permeation of
hydrophilic B-lactam antibiotics. The kinetics of antibioticstaraction with the pores
obtained using electrophysiology were compared whéh MIC and antibiotic killing rates

obtainedn vivo, which showed a high degree of correlation.

Materials and Methods

Bacterial strains and media

Cloning was performed using. coli JM109. Protein expression for purification was
performed in porin-nulE. coli BL21(DE3)omp8 AlamB, ompF::Tn5A0mpA, AOmpC).
Bacteria were grown in Luria bertani (LB). Transfants were selected on LB-agar
containing ampicillin, 100 pg/ml.

Cloning of OMP genes and overexpression

The omp35, omp36 and omp37 genes were amplifieduding their signal peptide
sequences, frork. aerogenes ATCC15038 using PCR. Purified PCR products weonet
into the expression vector pColdlV (Takara) usiihg tinFusion technique (Clonetech).
Plasmid constructs were confirmed by sequencinggé@ics), then transformed into
BL21(DE3)omp8. Trasnformants were grown to earlganential phase (Qfg 0.4) in LB at
37°C and induced with 1 mM IPTG for 24 hours atCLExpression was confirmed by SDS

page and immunodetection.

Outer-membrane extraction

Induced cultures (1L) were harvested by centrifiogaf10,000 x g, 20 min, 4°C). Bacterial
cells were suspended in 50 mM sodium phosphateb(@{faPi) pH 7.4 supplemented with 1
mM Pefabloc and submitted to pressure disruptionway passage through a cell disrupter.
Total membranes were collected by ultracentrifugat{100,000 x g, 60 min, 4°C). Inner
membrane proteins were solubilized with sodium yaarcosinate, 0.15% wi/v in NaPi
buffer (50 mM, pH 7.4) for 30 min at room temperatuOuter membrane proteins were
harvested by ultracentrifugation (100,000 x g, 60,#°C).
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Purification of porins

OM extracts were successively washed with 0.5% Erdoctyl-POE in NaPi (50 mM, pH

7.4). Omp36 was extracted by solubilization from @keparations using 2% octyl-POE in
the presence of 1 M NaCl at 37°C for 1 h with cansstirring. Insolubilized proteins were
removed by ultracentrifugation (100,000 x g, 60 m8C). Omp35 was by two rounds
solubilization from OM preparations using 2% dodeuogltoside in the presence of 1 M
NaCl. Supernatants were pooled and concentrated) Wdvaspin 20 30K filters and NacCl

was removed using Hi-Trap Desalting columns (GEltHeare). Omp36 and Omp37 were
purified using a Resource Q ion exchange column (@@&#&lthcare). The column was
equilibrated with NaPi, pH 7.4 containing 1.2% P&t 10 mM NaCl. Extracts were loaded
at a flow rate of 2 ml/min, monitoring conductivig;wd OD at 280 nm at all times using Akta
Explorer 10 apparatus. Omp36 and Omp35 were elfregd the column using a linear

gradient (12 CV) from 10mM to 1M NaCl. Fractionsntaining Omp36 or Omp35 were
verified by SDS-page.

Antibiotic susceptibility assays (MIC assay)

E. coli BZB1107 cultures harboring pTrc99A (empty vector)recombinant plasmids with
omp35, omp36 or omp37 were grown overnight in Muller Hincton II (MHII)rbth in the
presence of the appropriate antibiotic for plasmigintenance (Amp, 100 pug/ml). The next
morning, cells were diluted to 1/100 in fresh Midiedium in the presence of Amp and IPTG

(100 uM) for protein induction and grown to an §§of 0.4.

2-fold dilutions series of each antibiotic were gaeed in 96-wells microplates and added to
200 pl aliquots of bacterial suspensions containing 2xtélls in MHIl. MICs were
performed in the presence of IPTG (100 uM) to irdporin expression an@tlactamase
guenchers tazobactam and clavulanic acid (4 pgacth)e in the absence of ampicillin. The
MIC was determined as the lowest concentration ahecompound at which no visible
growth was observed after 18 h of incubation aC3@fAd were expressed in pg/ml. Each test

was performed triplicate.

Antibiotic killing assays
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E. coli BZB1107 cultures harboring pTrc99A (empty vector)recombinant plasmids with
omp35, omp36 or omp37 were grown as for MIC assays. Bacteria were ind@el diluted in
MHIl to an ODs of 0.01 (J 10" cells/ml), then exposed to drugs added at a final
concentration of x 2 MIC of bacteria expressing GBpl0O-fold dilution series of exposed
bacterial cultures were prepared every 15-30 nmre tior 90-180 min after drug addition. 10
pl of chosen dilutions were spread onto individgiaimm-Petri dishes, with each containing 3
ml of MH-Amp-Agar. Plates were incubated at 37°Cemnght. Dilutions that yielded
between 20-100 colonies were counted for each poiat, CFU/ml were calculated and
plotted as the percentage decrease in CFU/ml cadpar time 0. All experiments were

performed in triplicate.

Single Channel electrophysiology

Montal and Muller technique was used to form auitfi phospholipid bilayer using DphPC
lipid (Avanti polar lipids) [17]. Reconstitution ofrotein in a phospholipid bilayer was
performed as described previously [18]. A Teflatl with an aperture of around 50-100 pm
diameter was positioned between the two chamberthefcuvette. The first step was to
prepainted the aperture with 1% hexadecane in lesafution for formation of a stable
bilayer. 1 M KCI, 10 mM MES, pH 6 was used as tlexteolyte solution and added to both
sides of the chamber. lon current was detecteglaging standard silver-silver chloride
electrodes from WPI (World Precision Instruments)each side of the chamber. Small
amount of protein was adding to tloes-side of the chamber (side connected to ground
electrode) and spontaneous channel insertion waallysobtained while stirring under
applied voltage. After a successful single chameebnstitution, the cis side of the chamber
was carefully diluted to remove remaining porinson@uctance measurements were
performed using an Axopatch 200B amplifier (Molecudevices) in the voltage clamp mode.
Signals were filtered by an on board low pass Befdter at 10 kHz and recorded with a
sampling frequency of 50 kHz. Single channel anslyss used to determine the antibiotic
binding kinetics. In a single-channel measureméet usual measured quantities are the
duration of closed levels residence tinag &énd the number of blockage events per second per
monomer {y). The rate constants of associatiopn can be derived using the number of
blockage eventk,, = v / 3[c], where c is the antibiotic concentratiomeTlrate constants of
dissociation Ky) were determined by averaging the.lValues recorded over the whole

concentration range [19].

116



Results

Characterization of OMPs frofnter obacter aerogenes

Purified Omp35, Omp36 and Omp37 proteins were r&doied in artificial lipid membrane
respectively. Successful reconstitution of porirswatermined when ion current through the
channel was observed in application of transmengbrentage. Single channel conductance
of all three major proteins at 1 M KCI, 10 mM MBS 6.0 was determined and is shown in
Table 1 As expected, the conductance of Omp35 was retatéd OmpF (4 nS in 1 M KCI)
E. coli homologue representing a channel with a biggee ppening [20]. Similarly, Omp36
also had a similar conductance with the OnthColi homologue. The selectivity of both
Omp35 and Omp36 has been measured before showihgobthem to be cation-selective
[13]. Interestingly, the quiescent Omp37 porin alsm reasonably high conductance/pore
size which could facilitate the permeation of lahgelrophilic molecules similar to OmpF and
OmpC.

Table 1: Single Channel conductance of OMPs of Enterobacter aerogenes

Porins Conductance[nS]
Omp35 4.5+0.2
Omp36 3.0+0.1
Omp37 2.6+0.2

Each of the three outer-membrane channel has its ahannel characteristics as shown in
Figure 1.The Omp35 channel had a subtle change in the ctemtte with application of
transmembrane voltage. The constant variation ahichl conductance in two states could
represent the constant movements of the loops.|&ImiOmMp37 channel had a strong sub-
conductance gating events present in the channehvaliso could be due to the movement of
loops inside the channel. However, Omp36 channeal rather silent with small infrequent

gating events observed.
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Figure 1. Single Channel characteristic of OMPs from Enterobacter aerogenesat 1 M KCl, 10 mM
MES, pH 6.0

Interaction of Antibiotics

Different classes of hydrophilig-lactam antibiotics such as penicillins, cephalosoand
carbapenems were selected to study the antibiotie-mteractions. Interaction of antibiotic
with the pore was represented by the transientkbigcof ion current through the pore in
presence of antibiotics. Interaction of antibiotikeough the channel was usually observed in
both positive and negative applied transmembrangéential. Also, increasing the
concentration of antibiotics increased the inteoacof antibiotics with the channelable 2

shows the kinetic on-rates of differghtactams with the three major OMPs.
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Table 2: Association rates of antibiotic interactions with OMPs from Enterobacter aerogenes.
Kinetics is measured at 1M KCl, pH 6.0 at either +100mV or -100mV applied potential. Red fonts

indicate preferred pathway.
Antibiotics Kon [Ms7]
Omp35 Omp36 Omp37

Carbapenems | Ertapenem 49000 = 5000 7000 £ 500 1700 = 2000
Imipenem 1200 + 100 2000 + 200 1150+ 100
Meropenem Short events Short events Short events

Cephalosporins| Cefepime Short events 4400 * 400 21000 £ 2000
Cefotaxime 1750 + 2000 9000 + 1000 4000 + 400
Ceftobiprole Short events 95000 £ 5000 60000 £ 5000
Ceftazidime 900 + 100 No interaction 2000 + 200

Penicillins Ticarcillin 17000 + 1500 400 £ 50 150 £ 50
Piperacillin No interaction No interaction No interaction

The association rates of different antibiotics witle OMPs were compared to deduce the
selective preference of the antibiotic pathway tigiothe porins. In some antibiotics, such as
meropenem and cefepime, association rates couldo@oanalyzed using single channel
analysis measurements as the interactions obseveesl very short ion fluctuation events

which were not properly resolved by the instrumetibwever, power spectrum analysis

showed an increased noise with increasing antdsiaoncentrationSupplementary Figure

1), hinting that the molecules could be translo@atirough the channel very fast which was

not resolved by our current instrumentation.
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Figure 2: Ertapenem and ticarcillin interaction with OMPs of Enterobacter aerogenes. Experiment
conditions: 1 M KCI, 10 mM MES, pH 6.0

The association rates in our results indicate #réapenem and ticarcillin have a strong
interaction with the Omp35 porin as shown Higure 2. Similarly, cefotaxime and
ceftobiprole have a stronger effect with Omp36 pornd cefepime has a strong interaction
with the Omp37 porins. For other antibiotics sushimipenem and ceftazidime, there was no
major difference in the association rates withth# three different OMPs. However, the
interaction observed usinign vitro single channel experiments does not imply sucuakssf
translocation.In vivo MIC assays and antibiotics killing rates were gperfed to obtain
further information on antibiotic permeation thrbutpe OMPs oEnterobacter aerogenes.

MIC assay

Minimum inhibitory concentration of antibiotics ipresence of highly expressed Outer
membraneEnterobacter aerogenes porins in porin nullE. coli was measured as shown in
Table 3.
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Table 3: Minimum I nhibitory concentration of E. coli BZB1107 in empty and over expressed OMPs

BZB1107 pTrc99A
Empty [ug/mL] | omp35[ug/mL] | omp36 [ug/mL] | omp37 [pg/mL]
Imipenem 0,5 0,125 0,125 0,125
Ertapenem 2 0,5 0,5 0,5
Meropenem 0,5 0,125 0,125 0,125
Cefepime 2 0,25 0,25 0,25
Ceftazidime 1 0,5 0,5 0,5
Aztreonam 0,25 0,25 0,25 0,25
Cefoxitin 16 16 16 16
Ceftriaxone 0,125 0,125 0,125 0,125
Piperacillin 64 1-0,5 2 2-1
Ticarcillin >1024 16 512 256
Cetftarolin 2 0,063 0,125 0,125
Chloramphenicol 4 4 4 4

The minimum inhibitory concentration of antibioticspresence of over expressed porins and
in porin null strains determines the ability of imdtics to translocate through the porins.
There is a decrease in the MIC values (ranging fdota 8 folds) of imipenem, etrapenem,
meropenem, cefepime, ceftazidime and ceftarolimfgorin null strain compared to all the
three over expressed OMPs. This shows that alltiinee OMPs in theEnterobacter
aerogenes are involved in the susceptibility of thefdactam antibiotics. Similar antibiotic
interactions have been observednnvitro single channel electrophysiology experiments in
presence of these antibiotics. However, ticarcilily showed a strong decrease in MIC in
presence of over expressed Omp35 porin, wherear @thtibiotics such as azteronam,

cefoxitin, ceftriaxone and chloramphenicol did sbow any changes in the MIC values.

Antibiotic Killing rates

The changes in MIC values of different antibiotatstained in overexpressed OMPs do not

give us the kinetics of antibiotic translocatioricirthe bacteria. The efficacy of different
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antibiotics in presence of over expressed porineeweeasured by exposing the bacterial
cultures to double their inhibitory concentratiohamtibiotics and counting the percentage
decrease in the colony forming units over time.sTgives us a value to compare the rate of
antibiotic entry in each of the three different ipsr(where MIC values were similar). We

selected the antibiotics that showed susceptibilitgresence of the over expressed porins for
our antibiotics Killing rates. First we selectedotwephalosporins, cefepime and ceftaroline
(similar to ceftobiproble both aré"generation cephalosporins) and measured the atitibi

killing rate as shown ifrigure 3.

Cefepime 0,5 pg/ml Ceftaroline 0,25 pg/mL
1000 1000

) .

100 : 100

10 10
1 1
0.1 0,1

0,01 0,01

% decrease CFU/ml
% decrease CFU/ml

0,001 0,001

0,0001 0,0001

0,00001 0,00001

0 30 60 20 120 150 i80 0 30 60 20 120 150 180

—&— Omp35 FEP 0,5 —8— Omp36 FEP 0,5 —&— Omp35 CEF 0,25 —8— Omp36 CEF 0,25

Omp37 FEP 0,5 —a— empty FEP 0,5 Omp37 CEF 0,25 —e— empty CEF 0,25

Figure 3: Antibiotic killing rates for cefepime and ceftaroline

In both the cases, we observe that there is ndididsange in the antibiotic killing rate &

coli containing both over expressed porins and emptyove This indicates that there are

other mechanism or other porins present in theebacthat could facilitate the translocation

of both the cephalosporins. Thus, we cannot diyexitrelate the results obtained using single
channel electrophysiology and antibiotic killinges

In the next experiment, we selected three carbapgnamipenem, meropenem and
ertapenem, and measured their killing rates as showigure 4. Here, we observe th&

coli with no over expressed porins (empty) still suevin the presence of these carbapemens.
In all three carbapenems, Omp35 seems to be mi@e&tieé for permeation of antibiotick
vitro electrophysiology experiment show that ertapener® & higher association rate in
Omp35 porin compared to the other two porins. Haweun case of imipenem, the

association rates of antibiotics are very simitaail three cases and does not compare well
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with thein vivo data. This could be due to the fact that all exténg events that we observe

invitro are not actual translocation events and only bopevith the channel.

Imipenem 0,25 pg/mL

1000
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\ N 4 —*—Omp35IMI
1 \'"1'-""")' _ —m-Omp3&iMI
- \ \.\. —i—Omp37-MI
\ ——empty-IMI
0,01 ~_,
0,001
0 15 30 a5 60 75 90
Meropenem 0,25 pg/mL

r 9§ : b
\ ~ i \\»\*
. J ~

0,1 S \ ‘\t

— W 0,01 \ ]

0,01 0,001 -
0,001 0,0001

0 15 30 45 60 75 %0 0 15 30 45 60 75 %0

Figure 4: Antibiotic killing rates for carbapenems

Finally, we performed similar experiments with tiwdin, where we comparedn vivo
experiment within vitro. The results show an astounding similarity, wheesonly observe
antibiotic killing in presence of over expressed @3 porin. In empty vector and over
expressed OMp36 and Omp37, we observed no dedredse colony forming unitsHigure

5). Similar results have been obtained in MIC assay electrophysiology experiments.
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E .
~
D "
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i \\\ —4-Omp37 with TIC32
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5
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0,001
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Figure5: Antibiotic killing ratesfor ticarcillin
123



Discussion

In this study we focus on the role Bhterobacter aerogenes OMPs in the permeation of
hydrophilic B-lactam antibiotics. Three major porins, Omp35, Ghand Omp37 are present
in Enterobacter aerogenes and regulation and expression of these OMPs vdapsnding on
several external conditions of the bacteria suclosasolarity, temperature and the growth
mediums [10,15]. Additionally, regulations of thgs&res also occur in response to antibiotic
stress where the bacteria reduce it outer-membpanmaeability to gain resistance [14,16].
For example,Enterobacter aerogenes clinical strains with imipenem resistance showed
decreased outer membrane permeability with lowempexpression [21]. Similar behavior
has been observed Kiebsiella pneumoniae where resistance to ertapenem antibiotic was
obtained by loss of OmpK36 porin [22]. Since diffier environmental and external factors
alter the expression level of different OMPs in tbheter membrane oEnterobacter
aerogenes, it is very important to study, understand and pare the molecular details of

antibiotic permeation with all the three major OMPs

In vitro single channel electrophysiology amdvivo MIC and antibiotic killing rates have
been performed to reveal the interactions of dilycrelevantp-lactam antibiotics with the
porins. Similar studies have been carried out aimpdrom E. coli andProvidencia stuartii
[23—-25]. Using ion-current fluctuation analysis, wan measure two Kkinetics parameters,
number of events of interaction and the time o€nattion (residence time). Using these
values, and assuming the antibiotic-pore interacsimilar to enzyme-substrate complex, one
can measure the kinetic rate of associatigy) and rate of dissociatiof). In almost all the
measurements, the residence time of antibiotiadernthie channel was 100us or lower, which
is close to the instruments time resolution lirMlbwever, sharp differences were observed
with the kinetic on-rate or association rate ofil@atics with the channel. Experimental
values obtained fdt,, andky with respect to the concentration gradient oftaatics used in
our experiment (UM to mM) yieldss >> kon A[C]. This simplifies the flux measured = ko,
A[c]/2, such that increasing the on-rate directlguits in the increase in translocation of
antibiotics [26]. Thus, in our experiments, we tlke kinetic on-rate (association rate) to
compare the permeability of different antibioticithwthe three different outer-membrane
porins. Similarly, over expression of OMPs Hriterobacter aerogenes in E. coli BZB1107

was performed to obtain MIC and antibiotic killirgtes of antibiotics.
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Comparative studies show that ticarcillin has ay\&rong correlation withn vitro andin
vivo experiments. Electrophysiology experiments showedery high association rate of
ticarcillin with Omp35 (17000 Ms™) compared to the Omp36 and Omp37 porins, while MIC
assay showed a strong decrease only in the presghower-expressed Omp35 porin.
Antibiotic killing rate performed indicate a raptecrease in colony forming units in over
expressed Omp35 porins while the others had natsftn bacterial survival. This indicates
that ticarcillin favor the pathway of Omp35 porionepared to Omp36 and Omp37 porins. In
contrast, piperacillin did not show any interactwith the porins during electrophysiology
measurements. The presence of bulky side chairiseopiperacillin molecule could be the

reason of such reduced/no interaction [27].

However, no correlation was observed withvivo andin vitro experiments with respect to
the cephalosporins. The antibiotics killing ratesfogrmed with cephalosporins; cefepime and
ceftaroline, indicate that the empiy coli BZB1107 also show similar decrease in colony
forming rate compared tB. coli BZB1107 with over expressed OMPs. This point ¢t t
there could be another permeation pathway of thesgghalosporins through the outer
membrane and thus our result based on these measuseis not optimized to perform
comparative studies. The experiment needs to eateg in a differert. coli strain such that

no cephalosporin effect can be observed in presginespty vector.

In contrast,in vivo MIC and antibiotic killing rates performed on capenems implies,
Omp35 to be the favorable porin for antibiotic peation. While, electrophysiology
experiments revealed Omp35 (49000'$W) having a strong interaction to ertapenem:
imipenem on the other hand showed no distinct iffees between the OMPs. Two major
drawback of the single channel electrophysiologshitéque includesi) not being able to
distinguish binding from translocation; which colde the case in imipenem where all current
fluctuation events are not actual translocationnésjeandii) not being able to resolve fast
translocation events; such as for cefepime and peswm where determining kinetic
constants were not possible due to temporal raeoluf the instrument. Improving the
technique for better time resolution and performlipgsome swelling assays to distinguish

translocation should be considered for the nexisste

The permeability of different antibiotic molecules usually based on their chemical and
physical properties such as size, charge and hidlopity [10,28,29]. Previous studies
indicate that the rate of permeation of zwitter@mintibiotics is higher through general

diffusion porins as opposed to the anionic antibs0f30]. However, in out experiments we
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observed that negatively charged antibiotics swucticarcillin and ertapenem have a stronger

interaction with the Omp35 porin compared to thettamonic imipenem. Similar results are

obtained for Omp36 porin with negatively chargetbtaxime and Omp37 with negatively

charged cefepime. The exact reason for such iniengcis unclear and to have a better

understanding of the atomistic detail of antibigi@in interaction, we must further our

research using molecular dynamics simulations.
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Summary of thethesis

Porins play an intrinsic role in the transport skential hydrophilic nutrients into the cell
cytoplasm, which is hijacked by the antibioticsagsathway to diffuse into the cell. However,
under antibiotic stress, bacteria are able to nhtasistance by altering its permeability by
either lowering the expression of porins or mugtsome important residues of the porin.
Structural and functional features of porins play ienportant role in determining the
translocation of antibiotics through the porin.this thesis, we have investigated antibiotic
permeation through the outer-membrane porins ofm3rasitive and Gram-negative bacteria.
Using interdisciplinary approaches such as eleblysiplogy, molecular dynamics anavivo
assays we have been able to obtain significant ledge on how the antibiotic molecule
utilize the porins to penetrate the hydrophobid ealvelope. To summarize, we have listed

some of our key outcome,

1. We report the first study of antibiotic interactishrough the outer-membrane of
Gram-positive bacterial porins using single chanmedtctrophysiology. Strong
interaction of positively charged antibiotics suat amikacin and kanamycin was
observed with the channel, which we assume to beept due to many negatively
charged residues inside tNecardia farcinica porin that could be acting as an affinity
site. The significance of affinity site/chargedide®s inside the channel was verified
by performing mutational studies, where we muté&ddnegatively charged residue
inside the channel to neutral residues. As expedhed mutant pore later showed a
lower association rate and flux of the positiverged antibiotic through the channel.

2. An interesting example of a negatively chargedaatics, ertapenem showing strong
interaction with the negatively chargétbcardia farcinica porin was also observed.
Experimentally we showed that the interaction i3 tase was not due to charge but
rather hydrophobic interactions present with thebastic and the pore. Nonetheless,
could the presence of negatively charged residsiderthe channel hinder the flux of
such negatively charged molecule? Using the mytanh we were able to obtain the
depleted kinetics and flux of ertapenem in the wiglee porins compared to the
mutant porin. Affinity sites of the antibiotic witthe channel is not charge-specific,
however the presence of charge in the pathway ktanthe diffusion of antibiotics
through the channel.

3. The presence of ions in the buffer solution or ghgsiological solution can alter the

basis of permeation. Using only an additional magma ion in the solution, we
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observe the change in kinetics of enrofloxacinratgon with thek. coli OmpF porin.
Interdisciplinary approach using molecular dynamssulation show that the
presence of magnesium inside the channel revenseshiarge inside the pore lumen
making it more favorable for enrofloxacin to perteeato the channel.

. We report a simple solution to a problem of tempdraitation of the instrument.
Using bulky salt solutions such as ionic liquidg were able to slow the permeation
of ampicillin through the OmpF channel, hence iasmeg the time resolution.
Combing existing techniques such as lowering thegerature, we were able to slow
down permeation as much as 20 times.

. Finally, we performed a comparative study on antibipermeation through the outer-
membrane ofEnterobacter aerogenes. The kinetics of varioug-lactam antibiotics
with the three major porins Omp35, Omp36 and Omp8i® obtained and compared
with in-vivo assay. The preferred porin pathwaylidferent antibiotics were analyzed,
however atomistic detail of interaction can onlydiained using molecular dynamics
simulations. The limiting step is the crystal sture of the protein which is still not

obtained.

Futur e outlook

Nocardia farcinica: Tool for DNA sequencing

The bloom of nanopore based DNA sequencing stantetie 1990s [1]. This techniques

follows the coulter counter principle, where thealgte to be detected hinders the flow of the

ions through the nanopore hence disrupting thecioment[2]. The characteristic change in

the ion current in presence of the analyte can &t uo characterize the molecule. For

instance, the differences in the ion current shifitserved with the passage of different

nucleotides, A, T, G and C, can be used to distgigeach of them. Currently single

molecule sequencing using nanopore utilizes twdemiht approaches to obtain such

nanometer sized pores; biological nanopore such as protein channels andsolid state

nanopore formed by drilling a hole into a solidbswate [3,4]. Both these biological

nanopores and solid state nanopore have advardagedisadvantages. Solid state nanopores

are usually easy to tune based on size, selectidityensions, and structure. Solid state
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nanopores are easy to handle and are highly staligared to biological nanopores [5].
However, the atomic level precisions obtained indifying biological nanopores are
incomparable to the modification performed on saligte nanopores [6,7]. Even though the
results obtained from biological nanopores areipeecand reproducible, currently only two
biological nanopores, MspA porin fromdycobacterium smegmatis and a-hemolysin toxin
from Staphylococcus aureus, exists that is used for DNA sequencing. We iniceda possible
new porin fromNocardia farcinica, with homology to MspA, which can be a new biot=di
pore for DNA sequencing [8,9].

The biological nanopore suitable for DNA sequenahguld have a pore constriction of size
larger than the hydrodynamic radii of the DNA mailec The constriction region of the pore
should be as narrow as possible to distinguishviddal DNA bases. The pore should be
robust and should not gate at higher voltages. Mbshe Gram-negative beta-barrel porins
have small pore sizes that have high intrinsicngathaking them an unsuitable candidate.
The porin fromNocardia farcinica satisfies most of the required characteristicsintpk a
promising new candidate for DNA sequencing. Howetleg major drawback of this porin is
its gating behavior. Similar to the wild type Msghannel,Nocardia farcinica porins also
gates rapidly in application of positive potentifl®,11]. Thus, modification of amino acid
sequences in loops of the protein to reduce chagatelg is the first task at hand. We have
performed several mutations and screened them lmas#ukir gating behavior; however we
have not been successful so far. The future taskdvMoe to perform In-vitro Transcription
Translation (IVTT) method to generate a larger pmiomutant and screen them to obtain a
highly stable channel. We would also like to obtaiorystal structure of the channel so that
modification of the channel would be feasible.
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